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Abstract

Fretting fatigue induced by combined localized wyaontact motion and external bulk
fatigue loadings may result in premature and dranfatlure of the contacting components.
Depending on fretting and fatigue loading condisionrack nucleation and possibly crack
propagation can be activated. This paper propospsoeedure for estimating these two
damage thresholds. The crack nucleation boundaiyrmsalized by applying the Crossland
high cycle fatigue criterion taking into accounetbtress gradient and the ensuing "size
effect”. The prediction of the crack propagatiomdition is formalized using a short crack
arrest description. Applied to a AISI 1034 stelkis tmethodology allows the development of
an original Material Response Fretting Fatigue MBpFM), where the different material
responses related to crack nucleation, crack aarestatastrophic failure are established and

formalized.

Keywords: Fretting Fatigue, Crack nucleation, Craukest, AISI 1034 steelTi-6Al-4V,

Fretting palliatives.

1. Introduction

Fretting is a small amplitude oscillatory movemenhich may occur between contacting

surfaces that are subjected to vibration or cystress. Combined with cyclic bulk fatigue

loading, the so-called fretting-fatigue loading daduce catastrophic cracking phenomena
which critically reduce the endurance of assembli@nsidered to be a plague for modern
industry, fretting-fatigue is encountered in allagitstatic contact loadings subjected to
vibration and cyclic fatigue and thus concerns miawaystrial branches (helicopters, aircratft,

trains, ships, trucks, ....) [1, 3].
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As illustrated in Figure 1, fretting fatigue loadioan be characterized by the superposition of
a heterogeneous cyclic stress gradient relatechéocontact loading and a homogeneous

fatigue bulk loading.
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Fig. 1: lllustration of the Fretting Fatigue phenemon: (a) Schematic of the combined
contact and bulk stress (NB: fatigue and contaatllog are usually coupled and a function
of the assembly stiffness); (b) lllustration of thierent cracking damage evolutions which

can be observed under fretting loading conditions.

Indeed, the contact stress decreases asymptotisaloww the interface. From this typical
stress distribution, cracking damage will evolvethinee different ways. Below a threshold
fretting fatigue condition, no cracks are nucleatewl the system runs under safe crack
nucleation condition. Above this threshold, two letions can be observed: for intermediate
loading conditions, a crack will nucleate, howewduge to the very sharp decrease of the
contact stress below the interface, it will finafifop. This typical behavior defines the safe
crack arrest domain [3]. Imposing higher contaa/anbulk fatigue loadings, the nucleated
crack cannot stop and will propagate until finalui@ is reached. This defines the ultimate
failure domain.

During the past decades, a significant effort hasnbmade both to formalize the crack
nucleation and the crack arrest conditions. Thekcracleation phenomenon is commonly
addressed by transposing conventional multiaxiedda criteria [4, 5]. Specific analysis has
been devoted to formalize the contact stress gnadigects (i.e contact size effect). Different
approaches like determining an averaged stress @tatr a representative process volume [6,
7] but also “notch stress” similitude approachegehlaeen developed [8, 9]. The crack arrest

description has been formalized by computing thelugon of the stress intensity factor
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below the interface, and by predicting the craclesir condition using short crack arrest
formalisms derived from Kitagawa and El Haddad nt®§E)-12].

The objective of this work is to combine these taygproaches in order to describe the
different fretting fatigue damage through the sgtithform of a Fretting Fatigue mapping
concept (Fig. 2). The three damage behaviors gated as a function of the fretting loading
(Y axis) and the fatigue loading (X axis).
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Fig. 2 : lllustration of the Fretting-Fatigue Mappy concept defined for partial slip
condition.

Then the plain fatigue parameter along the X axii$ e determined from conventional
fatigue tests whereas the plain fretting damagegatbe Y axis will be identified from plain
fretting, also called fretting wear test conditiadote that if crack nucleation and crack
propagation can be identified when a fatigue logasnimposed, only crack nucleation can be
assessed under a pure fretting configuration. khddee contact loading can nucleate the
crack but cannot propagate it until failure. Fwathe combined fretting-fatigue test will
permits to identify respectively the crack nucleatiand crack arrest boundaries in the
intermediate domains. This mapping description piev a synthetic overview of fretting
fatigue damage. To be effective it neverthelesgliires an explicit description of loading
parameters (i.e. the loading variables definingfétigue (X) and fretting (Y) axes). The first
step is to relate the fatigue loading to the fagigtress amplitude normalized by the fatigue
limit (04/0g). Defining the fretting loading parameter is noteasy. This variable must be
representative of the cyclic contact loading, amdfigently useful for an experimental

application. Due to its dominating influence onlaystressing, the tangential force amplitude
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(Q) is first considered. The analysis is restiicte the partial slip domain and therefore it is
normalized by the value at the sliding transitiob. (Q*/uP). Like for any fatigue problem,
the mean stress level plays a critical role indhenage evolution. Both fretting and fatigue
loadings have therefore been related to the cavreBpg stress ratii Rand R respectively.
To avoid any perturbation induced by this lattgpess, this investigation is developed for
pure alternated stress conditions (i.e. B=Rs=-1). Introducing this new mapping concept,
the present investigation develops a combined @xpetal and modeling methodology to
identify the damage boundaries and to provide ati@xdescription of the various types of

fretting-fatigue damage.

2. Experimental conditions

2.1. Materials

The fretting fatigue phenomena involve numerous mgem mechanisms, which is why, to
establish a predictive methodology, the investayatmust be calibrated on a well known
material. The material used for the experimentakstigation and the construction of the
model is a low carbon steel alloy, AISI 1034. Fuhyestigated by Gros [13], it displays a
ferrite-perlite structure with the mechanical aatigue properties listed in Table 1. In order to
compare thenfluence of the material, the Fretting-Fatiguepasse of a representative Ti-
6Al-4V alloy is computed, applying a similar metlodolyy. Chromium 52100 steel was
chosen for the cylindrical counterbody in ordeetwsure elastically similar conditions whilst

simultaneously ensuring that cracks arose onliégnplane specimens.

Table 1 : Mechanical properties of the materials

Materials AISI 1034 [13] Ti-6Al-4V [14, 15]| 52100
(plane) (plane) (cylinder)
Young’'s modulus E (GPa) 200 119 210
Poisson’s coefficient 0.3 0.33 0.3
_ 350 890 1700
Yield stressOy (0.2%) (MPa)
Ultimate streso 15 (MPa) 600 970 2000
Bending Fatigue limit 270+ 10 450+ 10 -
04(MPa) (R=-1, 106cycles)
Shear fatigue limitr ;(MPa) 170+ 10 260 + 10 -
(R=-1, 10 cycles)
long crack threshold 711 5¢1 -
AK , (R=-1) (MPa/m)
Long crack length transitiob, (um) 170 31 -
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2.1. Contact configurations

A similar 2D cylinder/plane configuration was choseoth for plain fretting and fretting
fatigue test experiments. The radius of the 52166l <ylinder is R = 40 mm and the pad
length L = 6 mm, giving plane strain conditions niwe central axis of the fretting scar . Both
AISI 1034 planes and fatigue specimens used raspBctfor plain fretting and fretting
fatigue tests display a T=12 mm thickness. Themabload is fixed at P5A.= 227 N/mm
inducing a maximum Hertzian pressure gf p 450 MPa and a Hertzian contact half-width
of a4= 320 um. In order to minimize edge-effects, thentaot pad thickness and the
transverse width of the plane specimen were madhinghe same size. Hence, whilst the
side faces of the contact are traction-free, agprately plane-strain conditions are present
along the centerline of the contact. This meansttiepressure distribution decreases from a
maximum value along the central region to a lowalug towards the contact ends, and
eliminates any stress singularity problems [16haHy, the surfaces in contact were carefully

polished to a mirror state {Rround 0.05um).

2.3. Test conditions
As illustrated in Figure 3, two different test apgases were involved to quantify

respectively the fretting and the fatigue influemaecracking processes.

Plain Fretting Test Fretting Fatigue Test

Applied contact loading
( 2D Cylinder/Plane)

Studied steel :AlSI 1034
Counterbody : 52100

Fretting
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Fig. 3 : lllustration of the experimental strateggplied to identify the tribological properties,
the crack nucleation and crack arrest conditionslemplain fretting and fretting-fatigue
loading conditions.
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Plain fretting test

The plain fretting stress conditions were achieveda dedicated fretting wear test [17].
Fretting was applied by imposing a nominally statarmal force (= P.L), followed by a
purely alternating cyclic displacement amplitudg)( so that an alternating cyclic tangential
load (F=Q*.L) was generated on the contact surface. Duangest, F; /R and o were
recorded, from which thé - R fretting loop can be plotted; this cycle is chéeazed
respectively by the tangential force)(Bnd slip displacemend{) amplitude. By analyzing
the fretting loop, the sliding condition can bentbed and the loading condition adjusted if

necessary to maintain a partial slip contact caméton.

Fretting Fatigue test

The fretting fatigue apparatus is based on the eathonal principle first introduced by the
Oxford group [3] and successively developed by otiesearch teams [5]. It consists of a
hydraulic actuator imposing a fatigue loading datague specimen. A cylinder pad is applied
on one side of the fatigue specimen. Hence, théacbtoading is induced by the relative
displacement between the fatigue specimen andatie@pthe contact point. By adjusting the
pad holder stiffness and/or the position of thetacnalong the fatigue specimen, it is possible
to control the contact tangential loading with nefgato the applied bulk stress. The tangential
loading is determined either by strain gauges fixedthe pad holder apparatus or by
differential force measurements at each side ofdtigue specimen. Compared to classical
setups, the LTDS system displays the following iovements [18]:

- A laser extensometer is adapted to measure tagveedisplacement between the pad and
the fatigue specimen at the contact point. It aflae fretting loop to be plotted which
guarantees better control of the sliding condiiéig. 4),

- A dedicated system based on a ball bearing tdgrd allows a single pad contact
configuration to be implemented. The dispersionugatl by contact misalignment and
friction dispersion is reduced because only ondamimeeds to be adjusted. Besides, unlike
to the symmetrical configuration which requiresaangplex finite plate thickness correction,
the whole specimen thickness can be considerethéostress analysis, which justifies the
semi-infinite contact hypothesis.

- This fretting fatigue setup enables the applocabf a negative loading ratio. In the present
investigation, all the tests were performed foeraated fatigue loading conditions (R=-1).
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Fig. 4 : Typical Partial Slip Fretting Fatigue Lage. plotting of the fretting cycles Q=
versus the fretting cycles (log scale) : When ackris propagating the contact compliance is
modified, shifting and altering the fretting cycle.

2.4. ldentification of the friction coefficient thite sliding transition

Stress analysis of a fretting contact is highly etefent on the applied friction coefficient.
Different approaches have been developed to daterthis value [3, 19, 20]. A recent study
shows that the friction coefficient measured at tila@sition between partial and gross slip
conditions (4 may be used to provide a representative valubeofriction under partial slip
conditions (i.e. ps =~ W) [21]. To determine the sliding transition of teidied contact, a
variable displacement method was used: the noroaal Is kept constant while the relative
displacement amplitudéY) is progressively increased. For a 2D cylindea’i@ configuration
the sliding transition is marked by a discontinwfythe friction energy presently normalized
through the energy ratio A =4f£; where g is the friction energy dissipated during the cycle
and E= 4.Ftd* the total energy (i.e. the friction work done [1®ig. 5). Several tests were
performed for the studied pressure condition sugggest = 0.85+ 0.05 may be taken as
representative of the stabilized AISI 1034 / 52p@eatial slip friction coefficient.
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Fig. 5 : lllustration of the variable displacemeamntthod applied to the studied contact
conditions. Ratio Q*/P is increased until a stabéd gross slip condition is just reached. The

energy ratio A is computed and exhibits a discaritynat the transition.

3. Stressfield analysis

The studied pressure condition is quite high commbao the yield stress of the materiad{(p

loy=1.28). If a full sliding configuration is assumetie very high friction coefficient will

promote a generalized plastic deformation withia ititerface. However, because very small

partial slip conditions are imposed, the plasticgyin fact constrained in narrow domains

localized on the top surface sliding domains. EXpgcthat plasticity will have a minor

impact, we assume an elastic description of thetaobnand subsurface stress field

distribution. The elastic assumption is justifigddonsidering the following aspects:

Gros et al show that the AISI 1034 alloy displaygeay high cyclic strain hardening
behavior. Therefore after few cycles inducing p&ist the material converges
towards elastic shakedown,

compared to the Hertzian prediction, the contaderesion after the fretting test
remains smaller than 7%. It indirectly supportsittea that plasticity is very localized
and has a minor effect on pressure and shear $igbdistributions,

our analysis focuses on high cycle cracking danfegedetection of crack nucleation
limit above 16cycles). It is widely accepted that for such coindi, plasticity has a

minor effect, at least at the macro scale desonpti

our main objective is to provide a conservativedmtion of fretting-fatigue damage.
An elastic description overestimates the stressthekfore supports our pessimistic

but safe damage tolerance strategy.
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3.1. Plain fretting condition

The specimen thickness T=12 mm is defined so theah eolid could be considered as an
elastic half space, and hence the solution forptl@ssure distribution is Hertzian [16, 22].
Similarly, the subsequent application of an alténga tangential force gives rise to a

symmetric shear traction distribution that is samilto that described by Mindlin and

Deresciewicz [23]. A central stick zon|e(K< c) is bordered by regions of microslip (Fig. 6a).

The contact half width, a, is small compared with specimen thickness, T, (&T10.05) so
that no thickness correction [23] is needed.
The contact pressure contribution is assumed toobstant and static due to the very small

displacement amplitude:

p(x) /a=+1-(x/a)? (1)
The description of the cyclic shear contributiommisre complex, defined as the superposition
of different elliptic distributions to describe tpealsing evolution of the sliding front from the
external contact border (a) to the inner stick latzumg (c) where:

c=al/l- Q*/uP) (2)
Hence, symmetrical shear stress field distributiares alternately imposed at the tangential

force amplitudes +Q and —Q*.
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(b)
Fig. 6 : lllustration of the pressure and shearests field distributions : (a) plain fretting
condition; (b) Fretting-Fatigue condition : Loadindraticue= da = Q = +Q*), Unloading
(GraTiGUE= - Ta & Q = -Q%).
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3.2. Fretting Fatigue loading conditions

The elastic Fretting Fatigue stress descriptiomlaseloped using an on phase Fretting -
Fatigue loading condition. As shown by D. Noweldaa. [24], the bulk loading which is
present in the fatigue specimen but not in the gg@timen promotes a mismatch in strains,
causing an additional term in the tangential maghiThe result of the couple effect of
fatigue loading on the partial fretting contacess is the introduction of an “e” offset of the
centre of the sticking zone from the centre of ¢batact. For the specific condition where
e+c<a, an explicit expression of the offset is avagabl

ola

40Py

Again, symmetrical shear stress field distributians alternately imposed at tangential force

®3)

amplitudes +Q and —Q* depending on the imposed loal#ing.

By contrast to the plain fretting condition, thesgiimmetry of the sliding distributions
promotes a larger sliding domain at the trailingeedf the contact (Fig. 6b).

If larger bulk stresses are applied, (i.e. et+c >reyerse slip take place at one edge of the
contact. Complex integral equations must then Heedoto extract the shear stress field
distribution.

Both fretting and fatigue loading are in phase egldted to an alternating loading condition
(stress ratio R=-1). The stress loading path caretbre be expressed by the two amplitude
states, respectively, the so called loading andagihg conditions respectively (Fig. 8):

2 oading = Zcontact P T Q) + 04

and

2 unloading = Zcontact (P~ Q") =04 (4)

The maximum loading state conditioning the crackleation risk and the crack propagation

is located at the trailing edge (X=-1) at the logdcondition.
3.3. Estimation of subsurface stresses inducetidogantact loading

When the size of the contacting bodies is large payed to the contact size, a good
approximation might be to consider each body as e#stic half-plane. With this

approximation, once the surface stresses are knthensubsurface stresses induced by the
contact loadings can be found by superposing lpddine Green's functions. For example, a

10
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general pressure distribution may be approximatedai piecewise-linear fashion by

overlapping triangular elements as shown in Figure

Fig. 7 : lllustration of influence function prindigs applied to plane contacts (piecewise
linear) : application to the elliptical pressureddiibution.

The stresses at any general subsurface point foindimidual element are provided by
Johnson in [16] either for pressure or shear coraptsn Thus, the full stress field due to a
general stress distribution may be obtained fropr@miate superposition of the simplified
expressions mentioned. The full details of this atioal procedure and the limits of its
application are provided by K. L Johnson [16] andHills et al. in [22]. To reproduce as
closely as possible the complex pressure and sétezss fields derived from the above
interface analysis, the total number of increménfwesently increased up to 2000, providing
a lateral resolution equivalent to 1/1000 of théf lsantact width (i.e. triangular width of
about 0.32 pm).

4. Quantification of the crack nucleation risk

4.1. Crossland’s Multiaxial Fatigue Criterion
To predict the Fretting-Fatigue crack nucleaticsk rat the fatigue limit condition (i.e. 40
cycles), the Crossland’s multiaxial fatigue dedooip is applied [25]. The crack risk is

expressed as a linear combination of the maximurmliarde of the second invariant of the
stress deviator,(J,(t) ) defined by¢&,, and the maximum value of the hydrostatic pressure
( I:)h max)-

The non cracking condition is expressed by :

Ea+aC EIF)hmax<Td (5)

Where

11
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with,
S : deviatoric part ok
04 . alternating bending fatigue limit,
T4 : alternating shear fatigue limit.
The cracking risk can then be quantified througleaar variable:
de=—a ©

Ty —0c¢ |:Ithax
The cracking condition is then expressed as:

- If d. is greater than or equal to 1, there is a risgratking;

- If d. remains less than 1, there is no risk of cracking.

4.2 Calibrating the crack nucleation prediction plain fretting conditions

The first step of the methodology is to calibrdte model by iterating the experimental crack
nucleation limit defined from plain fretting test3.o identify the experimental crack
nucleation threshold, the following procedure iplagal:

Keeping the pressure and the test duration constanibus tests are performed at different
tangential force amplitudes. In the present ingasion we focus on high cycle endurance
conditions so we consider that the crack nuclealiimit is reached at 0cycles. Cross-
sections at different places along the median ekithe fretting scars are then taken. The
maximum crack lengths observed are plotted versesapplied tangential force amplitude
(Fig. 8, Table 2). A linear approximation can bensidered so that, the crack nucleation

condition Q,, , below which no crack can be observed can be @otted (i.e. b=0). For the

studied condition we determin®, = 100 N/mm (Fig. 8). Note that the crack nucleation

condition is usually defined for an arbitrary crdekgth. Depending on the crack length,

different crack nucleation thresholds might be aered. This paradox has been resolved by

12
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defining the crack nucleation threshold as thetlstriess condition below which no crack can

be observed (b=0).

Table 2 : Evolution of the experimental crack lénginder plain fretting conditions as a
function of the tangential force amplitude {tcles, py = 450 MPa, a= 320 pm).

Tangential force amplitude 90 98 126 137 144 146J0151 | 164 | 169
Q* [N/mm] (R=-1)
Longest crack length observed 0 0 24 29 31 51 55 64 68
b(um)

80

S
3 60f
o
_:.. *
2 40 QCN
L Crack
§ nucleation
5 20 threshold

0

0 100 200 300 400

tangential force amplitude, Q (N/mm)

*

Fig. 8 : Experimental identification of the thredthdangential force amplitud€).,,)
inducing a crack under plain fretting loading fi€ycles, ps = 450 MPa, &= 320 pum).

The multiaxial fatigue analysis is then performedthe threshold crack nucleation condition.

Confirming the experiments, figure 9 shows that m@ximum crack risk is located at the

contact borders but the computed vadileis around 2.

SH

9]

Cracking rigjc

04

‘ < - 1 ‘- B ) aj
&O“ - A curtace v ¥

Fig. 9 : lllustration of the cracking risk belowehnterface under plain fretting conditions at
the threshold crack nucleation conditione(p= 450 MPa, &= 320 um, |=0.85, Q;N =100
N/mm ) defined from the Crossland criterion.

13
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As mentioned previously, the current point stresalysis critically over-estimates the
cracking risk.Indeed, the cracking risk analysisdemsevere stress gradient conditions
requires to consider more representative loadingdition averaging for instance le stress
state over a representative length scale [6, feinent cracking risk analysis will consist
first to identify a representative stress statéen@knto account the stress gradiefitz() then

to apply a multiaxial fatigue analysis. Taylor &t [26] have extensively investigated such
aspect focusing on the peculiar stress gradienergéed by notch discontinuities but
considering a crack propagation approach. We adluptTaylor strategy, considering a
multidimensional strategy to identify representatstress states but considering a multiaxial

fatigue criteria analysis (Fig. 10).

Crack nucleation process Crack nucleation process Critical distance
volume approach surface approach method

General 3D
stress
I £3p g J 25D I £1p

state condition 3

1y

2D plane strain
condition

{cylinder/plane)
L(MPa) N / \, / _
f3p I :;? szJ : J ¢
*
contact steep *
:— stress gradient EZRID (X, y) IR2D (X) XRID (X)

Fig. 10: lllustration of the length scale approashapplied to integrate the stress gradient
effect;< point where is established the representativesststates : point where is
computed the stress state.

Crack nucleation process volume (3D averaging approach)

First introduced in Fretting problems [6], it castsito establish a representative loading state
by averaging the stress state over a 3D represantatack nucleation process volume”. The
point stress analysis is replaced by a mean loadtate >(M)averaged over the micro
volume V(M) surrounding the point on which the gaie analysis is performed (M (x,y)) (Fig.
10) [6]. This micro volume of matter is approxindtidrough a cubic volume, whose edges
are assimilated to the physical length scalg,‘. For the studied 2D plain strain

14



Published in International Journal of Fatigue \&1l.(2009) p. 250-262\tp://dx.doi.org/10.1016/j.ijfatigue.2008.09.002

configuration, the volume stress state analysisedkiced to a surface area averaging. The

“3D” representative stress state is therefore esgm@ through the following expression:

1 0y Z(M(x+|Dﬂ,y+JE—{—)) (10)

Zroo (0Y) = EVMOY) L)) = 205

Crack nucleation process surface (2D averaging approach)

A crack displays a planar morphology so there physical justification to consider a plane
averaging procedure rather than a volume approbuteed, although it is simpler to
implement, a volume averaging procedure involvdsptane stress components and therefore
can induce discrepancy. The “2D” representativesstrstate can be approximated by the
mean loading state averaged over a square areagevauges are assimilated to the physical
length “¢ 5 “. In fretting fatigue problems crack nucleatedhs surface trailing edge of the
contact and usually propagates perpendicularhyhéofatigue loading. The square area can
therefore be assumed normal to the surface anthtigeie directions with one edge located
on the top surface. For the studied 2D plain stcaimfiguration, the analysis is reduced to a
“y” line averaging procedure (Fig. 10).

The following formulation is thus considered:

oo () = Z(L(M(X,Y = 0),£50)) = ¢ B (M (x,i 5229 1)

Critical distance method

This latter method is equivalent to the point strasalysis and do not involve an averaging

procedure. However, rather than consider the sarfstcess discontinuity to predict the
cracking risk, the fatigue analysis is performeafira stress state defined below the surface at
a critical distance so called’;,“ . Like for the averaging procedures this infersignificant
reduction of the maximum loading state and theeefarbetter integration of the stress
gradient effect. For the studied 2D cylinder plammafiguration the surface representative
stress state related to the contact surface iessed by the following expression:

Zrip (X) =Z(M(X,y =11p)) (12)

Different methodologies can be applied to extrajolae former length scale parameters.
Some approaches consider the crack length markimdransition from short to long crack
propagation regime others are based on the graendéimension. In the present investigation

we adopt a reverse identification methodology imvd iterative procedures to extrapolate
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the optimized length values predicting the expentak plain fretting crack nucleation
condition (i.e. g4 = 450 MPa, g= 320 um, =0.85, Q. = 100 N/mm). Figure 11 illustrates

this methodology by plotting the evolution of thegicted cracking risk as a function of the
3D length scale parameter (i.e. process volumeoagp). A pertinent prediction of the

cracking risk is found for ;5 = 45 pum. This dimension is very close to the autgegrain

size, which tends to confirm the hypothesis of @dlicorrelation between the length scale
parameter and the microstructure [6]. The reveatsatification methodology is then applied
to identify the length scale parameters relatethéocrack nucleation process surface and the

critical distance methods. We determifig, =55 pm and/,, = 20 pm respectively.

ESD :45um

maximum Crossland value : max(d.)

L

UO 1 [ 1 1 1 i 1 1 1 i
0 30 40 60 80 100 120

length scale parameter, £ ()

Fig. 11 : lllustration of the reverse identificati@pproach to identify the representative
length scale variable related to the crack nucleatprocess volume approactt {5 ) from

the plain fretting experiment (Q*@;N ).

4.3. Predicting the crack nucleation risk undeefing-Fatigue loading conditions

To establish the experimental crack nucleation dawn under Fretting-Fatigue conditions,
the following methodology has been applied. Thi@ggéie stress levels have been defined.
For each fatigue level, different tests have beeriopmed, adjusting the fretting tangential
force amplitude by monitoring the test apparatugfnsess. Like for plain fretting
investigations, the test duration was fixed af t9cles. After the test, cross section
observations were performed to see if any cracke leen activated. The studied loading

conditions are compiled in table 3.
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Table 3: Studied Fretting Fatigue test conditions.

Fretting Fatigue Test Fatigue stress Tangential force Cross section
(10° cycles) amplitude : amplitude Examination
0,[MPa] (R=-1) Q* [N/mm] (R=-1)

FF1 50 92 CRACK
FF2 50 82 NO CRACK
FF3 100 115 CRACK
FF4 100 110 CRACK
FF5 100 100 CRACK
FF6 100 80 NO CRACK
FF7 100 62 NO CRACK
FF8 120 91 CRACK
FF9 120 78 NO CRACK

Figure 12 plots the experimental damage as a fumaif the imposed fretting and fatigue
loading conditions defining the so-called Crack Maton Fretting Fatigue Map (CN-FFM).

normalized fretting loading: Q*/uP, (R=-1)

=

o
(o)
T

o
(o))
T

o
»

safe crack
nucleation

o
(N

1

1

failure

reverse slip

o

0 0.2

0.4

0.6 0.8

1

normalized fatigue loading: o,/0,, (R=-1)

Fig. 12 : lllustration of the Crack Nucleation Ftetg-Fatigue Map of AISI 1034 steel {p
= 450 MPa, &= 320 pm, |&0.85, 10 cycles); O no crack nucleation® crack nucleation;
B crack nucleation threshold identified for plairetting conditions;= = = experimental
crack nucleation boundarys(s estimated evolution). Theoretical predictions (€iand):
— conventional point stress analysiss— Crack nucleation process volume,{ = 45

um), 0 Crack nucleation process surface,f = 55 um);A Critical distance method
( £15=20 um).

The experimental crack nucleation boundary is estioh by separating both cracking and non
cracking domains. It is characterized by an ihglearp decrease followed by a quasi constant

evolution. Hence, the threshold crack nucleatiomnolary stabilizes at 80% of the plain
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fretting condition in the middle fatigue stress gan(i.e.cyoq <0.5). The application of a
fatigue bulk stress decreases the admissiblerfgettiading. However, its influence appears
less determining than expected. This suggestsfahdhe studied medium-low fatigue stress
range (i.e.04/0q4 <0.5), the crack nucleation process is mainly wiletd by the contact
loading. Further experiments are now required t@stigate the crack nucleation process in
the high fatigue stress region (i.ea/od<0.5) in order to see until which fatigue stress
condition the influence of the contact predominated how the crack nucleation boundary
converges toward the fatigue linoif/og =1).

To formalize the crack nucleation boundary, the tragial Crossland fatigue criterion is
applied and the different length scale approaclespared. As expected, the conventional
point stress analysis clearly underestimates tifie @ack nucleation domain. It shows an
asymptotic decrease from the plain fretting cooditji.e. Q*/uP=0.18) to zero at the fatigue
limit (i.e. 04/04 =1.0). This convergence toward a zero tangentiadlihg is consistent with
the fact that the stress state at the contact od#dined from the point stress methodology is
dependent of the tangential force only. Therefardgen the bulk loading reaches the fatigue
limit, the threshold tangential force amplitudes/iously equal to zero.

The length scale approaches (i.e. crack nuclegiooess volume, crack nucleation process
surface and critical distance method), display gsaperimposed evolutions which suggests
that, except numerical implementation consideratiamone of them can be preferred to
describe the stress gradient effect induced byirigetoading.

They shows a quasi linear decrease of the adnessibhbential loading from the plain fretting
condition down to a small residual positive valueew o/os=1. This residual tangential
force, estimated near Q*/uP=0.05, is in fact rezpiio compensate for the compressive stress
state induced by the static normal component. @rilile point stress analysis, the length scale
approaches considers a loading region where the steass level controlled by the normal
loading is not zero but compressive. This suggtsds for low fretting and high fatigue
loading conditions, crack nucleation could be obseroutside the contact region. Such a
peculiar situation was confirmed in different expental investigations, and indirectly
supports the applied length scale descriptionsuantify the crack nucleation risk under
fretting fatigue conditions.

The length scale approaches are clearly more tieali|an the conventional point stress to
predict the safe crack nucleation domain. Howelemtredictions are still uncertain:
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- They provide a very good description of the crackleation process for the low fatigue
stress range (i.@404 <0.1),

- Within the intermediate fatigue stress domaire.(i0.104/04<0.5), the length scale
approaches predicts a quasi-linear decrease ofcthek nucleation boundary, whereas
experiments conclude that the admissible frettiogding stabilizes. The higher the bulk
stressing, the larger the discrepancy with the rsode

- Convergence is however expected for the highdgue stress range (0&go4 <1.0),
which unfortunately can not be addressed in thegmieinvestigation.

The physical interpretation of this discrepancysidl an open question. The present
investigation clearly demonstrates that it is mdated to length scale numerical approach (i.e.
applied averaging strategy). Alternative hypothasest be considered, like plasticity which
interacts with the stress distribution and intragkitocal residual stresses or the current length
scale methods which is established from fixed lengtlues but could be optimized by
considering variable length scale dimensions ametion of the stress gradient fluctuations.
This underlines the necessity to establish fundaaheesearch focusing on the latter aspects.
However, one conclusion of this work is the factth multiaxial fatigue analysis combined
with a length scale approaches calibrated fromnpfetting conditions enables the crack
nucleation risk under fretting fatigue loading ciiimhs to be conservatively approximated.
Due to its capacity to be generalized for any stresnfigurations like subsurface stress
discontinuities, the crack nucleation process va@uwpproach will be preferred and applied in

the following developments of this work.

5. Quantification of the crack propagation risk

5.1. Determining the Stress Intensity Factor (SIF)

Crack tip stress intensity factors have been fousidg the distributed dislocation method
which is described in detail in [27]. The techniqraploys Bueckner’s principle [28] which
is simply an elastic superposition principle. Sugp@ cracked body is subjected to the
fretting fatigue load as depicted in Figure 13. iadlpem equivalent to the original would be
the superposition of (A) and (B) where (A) reprdasdahe body without a crack subjected to
the external fretting fatigue load and (B) a cratkedy devoid of external loads but crack
line traction and shear equal and opposite totitlesscomponents along the line of the crack,
so that after summing (A) and (B) the crack faaesteaction free. Note that by taking this

approach we are implicitly making the assumptioat ttihe effect of the crack on surface
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displacements is small, so that surface stressaaimeunchanged by the presence of the

crack.

()

X = y

>
>

< Q Q
b ()0
a <(%) <:> Oa
') K, Ky
e ‘* X \‘4 X

X

Fig. 13 : Bueckner's principle: (A) Body withoutick subjected to contact load, (B) cracked

body devoid of external loads but with crack lirection and shear equal and opposite to the

crack line stress in (A). (Modified crack coordieatsystem defined from the (X, Y) contact
system: x=Y/a; y=X/a-1).

Assuming the general case of a slant crack, aftranation of stress components is needed in

order to determine the unsatisfied tractiong, (o) present along the crack faces. Since the

crack faces have to be traction free, we distribbbeh climb and glide displacement

discontinuities (or "dislocations") along the cras& that the stresses induceayy(,c?xy)
canceloy andog. The integral equations expressing the requirertrexttthe crack faces be

traction free are:

GN(2)+%{EBJe)K§'(Ax,e)de+sz(e)K§'>‘(“x,e)de}:0 13)

with G andv the shear modulus and the Poisson coefficients.
Whereo S()?)and O\ ()2) are the resolved shear and normal componentsdtthss tensor
o(x,y) in the (X,y) coordinate of the systeni )')' , K§ , K §‘ are the kernels established by

the above method detailed in [27, 29].
It is not possible to solve the equation analylycdbut powerful numerical quadratures are

given in references [27, 29]. The dislocation déesiB; and B are determined and the

stress intensity factor Kand K, at the crack tip are successively approximatetgusi

Krenk’s interpolation [27]. Full details of the nencal procedure are given by Nowell and
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Hills in [27]. We should recognize that the apptoage have followed is purely elastic,

whereas in practice some plasticity may be present.

5.2. Definition of an effective stress-intensitpga parameter

A simplified single crack initiated at the contaciling edge (X=x/a=-1), and normal to the
surface(6=0°) is considered. Note this assumption has b&&nsively considered in many
Fretting-Fatigue investigations and was confirmgdekamination of the cracking damage.
Because pure alternating loading conditions areogegd (R=-1), the usual Elber's assumption
that the effective mode | stress intensity rangelmareduced to the maximum stress intensity

value (i.e.AK o4 = K |ax ) IS considered [13].

It has been shown that contact loading inducesxa&anmode stress condition. Therefore the
following hypotheses will be considered to quanaifgcking behaviors:

A - Puremodel
The mode Il contribution is neglected and the eivecstress intensity range is identical to the

mode | component:

AKeff_A = AKIeff =K I max (14)

where K |, 2 is defined at the loading state (i.e. Q=+Q* @p@rcue=104).

B - Mixed mode neglecting the crack facefriction
The mode Il contribution is considered with the litipassumption that crack face friction is

negligeable (i.e. that mode Il loading of the craskunaffected by contact with the crack

faces).
AKeff_B :\/K Izmax +AKﬁeff (15)
with AK e = K jimax = K min (16)

where K || max is defined at the loading state whén= K .. (i.e. open crack condition)

and K, i, computed at the unloading state (i.e. Q=-Q* @mdncue=-0a, closed crack

situation).

C - Mixed mode including the crack facefriction
Many investigations confirm that friction phenomendhin the crack interface reduce the

mode Il contribution. One approximation consistéglect the mode Il contribution when
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the crack faces are under compression state fitheaunloading state). The effective SIF

range is therefore estimated by:

AK eff C = \/K Izmax +K 2I| max (17)

5.3. Short crack methodology
The crack examination suggests that crack propagatiay take place in the short crack
regime when the actual stress intensity factor eaisgless than the long crack threshold,

AK . We therefore intend to apply short crack appreacho predict the crack arrest
conditions. Two strategies are here considerece Tfitst consists in a discontinuous

description of the transition from short to lon@ak domains and the second, introduced by
El Haddad and co-authors [12] considers a smoathramus transition.

5.3.1 K-T’s threshold of the short crack arrestdibon
First introduced by Araujo et al. for fretting fgtie conditions [10], the starting point of this
approximation is based on the Kitagawa and Takaltaggram [11] which shows that many

materials exhibit a long crack threshold whichrnidependent of crack length. However, the

K-T diagram also shows that cracks can propagafekat < AK , provided that the stress is

high enough. In a uniform stress field, such slwack behaviour may be interpreted as

requiring that the applied stress range is grahtar the establish fatigue linait, . As a first

approximation, the transition crack length,() between short and long crack regimes can be

extrapolated by equating these two conditions:

AK, =112, O/nib, (18)
hence,

1( AK, )
b =—mMm_——"0 19
° n[Enzmdj (19)

For the alloy used here, this gives % 170 pm (sincAK ,= 7 MPa/m). Following the

approach adopted by Araujo et al. [10], we choosexamine the propagation of the crack in

the modified K-T diagram (i.e. wherdK rather than stress is plotted agaibst(Fig. 14a)
Hence, the threshold stresSK ,, is given by

b
DKy = BK o )= b < b (20)
0
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AK 4 = AK, b > bo (21)
Based on this description, the two quantifi&s,, ando, may be regarded as being the

fundamental material properties needed to descriadek growth under both long and short
crack regimes (Fig. 14a). The crack arrest conditis assumed when the following

inequation is satisfied:

AK o < AK . (22)

=
o

=

o

9 short crack<«——— propagation 9 i long crack
s o short crack«—; propagation
E ;1 Lec AK oo dece o -
> 7 \ AKih =4Kg g 7 AKo e
© 6 o > 6 propagation
o 0 arrest crack arrest P aréa
S 5 &, boundary o g H
= S \ : = it
54 £ 41 arres
v B S i crack arrest
g s DKy =AKoq/% — long crack I 3 AK :AKOD\/iﬁ i boundary
+bg |
2 27 : .
non propagation area non propagation
17 i 1 area
0 ‘ ‘ b . ‘ 0 . e ‘ ‘
0 50 100 150 ° 200 250 300 0 50 100 150 B0 200 250 300
crack length b, pm crack length b, pm

(a) (b)
Fig. 14 : lllustration of the short crack arrest thedology applied to predict crack
propagation under fretting fatigue conditions aff20]) (For the studied steelAK ;=7

MPavm and i = 170 um): (a) K-T’s approximation (discontinudmansition between short
and long crack regime); (b) El Haddad’s approxinaaticontinuous transition between short
and long crack regime).

5.3.2 El Haddad's threshold of the short crackstrcondition

Like for the previous description the transitioarfr short to long crack behavior is related the
threshold crack length, However, rather than to consider a discontinugassition we
assume the continuous El Haddad’s approximatioth@fshort crack arrest threshold (Fig.
14b):

_ b
AKm—AKODk:B; (23)

Fig. 14 confirms that whatever the crack lengthe tBl Haddad’'s approximation will
systematically provide a lower value of the thrddhevack arrest condition. The difference is
particularly important in the transition domain whé= kL . This suggests that the El

Haddad’s approximation is more conservative tha#T’s approach.
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5.4. Predicting the crack arrest condition undeeing-Fatigue loading conditions

To establish the experimental crack arrest boundhey following methodology has been
defined. Three levels of fretting loading have bselected, respectively Q*/uP=0.5, 0.63 and
0.73. For each contact loading the alternated datigtressing has been adjusted fmpos=

0.4 to 0.6. The studied loading conditions seleetedve the crack nucleation boundary and

the corresponding damage evolutions are reportéalte 4.

Table 4 : Studied Fretting Fatigue test conditions.

Fretting Fatigue Test Fatigue stress Tangential force Maximum crack length
(10’ cycles) amplitude : amplitude expertised :
0.[MPa] (R=-1) Q* [N/mm] (R=-1) b (um)
FF10 120 145 344
FF11 120 125 290
FF12 120 100 59
FF13 130 145 broken
FF14 130 125 broken
FF15 130 100 broken
FF16 140 125 broken
FF17 150 125 broken
FF18 160 125 broken

By contrast to the nucleation phenomenon, propagdtilure can be observed after several
million cycles. Therefore, to estimate the stakilizrack arrest conditions the test duration
was increased up to 10 million cycles. Hence, @mhetest, cracking damage is characterized
by reporting either if the specimen is broken aftéf cycles or the maximum crack length
found for unbroken specimens. All the experimergallts are reported in Figure 15, defining
the so-called Crack Arrest Fretting Fatigue Map {EfAM). Like for the crack nucleation
analysis, the experimental crack arrest boundany b extrapolated from failure and non
failure conditions. The experimental crack arresiridary displays a quasi vertical evolution,
which suggests that the crack arrest process i @rflinction of the fatigue loading and
relatively unaffected by the contact stress. Tleisult, combined with the previous crack

nucleation investigation, confirms the conventiordga that under fretting-fatigue, crack
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nucleation is controlled by contact loading, whereaack arrest is mainly controlled by

fatigue bulk stressing. This conclusion is howexestricted to the medium fatigue stress
range (0.4 ©/04 < 0.6) and must be tempered regarding the relabwact size.

To predict the crack arrest boundary the followmngthodology is applied:

The crack modeling was carried out assuming aaiagick normal to the surface and located
at the trailing edge (X=-1), where the maximum eabf the crack nucleation risk has been
found. Then for each fretting loading conditiong timodeling strategy consists to identify by

iterative computations, the maximum fatigue strgg$ielow which the crack arrest condition

is achieved.
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Fig. 15 : lllustration of the Crack Arrest Frettifgatigue Map of the AISI 1034 steelo

450 MPa, a= 320 pm, |&0.85, 10 cycles)M : broken specimer,] : unbroken specimen;

- — : experimental boundary defining the crack arrestdition; Theoretical prediction : (a)

K-T's short crack arrest approximation, (b) El H#atl's short crack arrest approximation;
— : plain mode | approximationAK ¢ a ) ; = : Mixed mode approximation

(AK ¢ g );© Mixed mode including the crack face frictioAK o ¢ ).

This analysis is applied for the different approatians of the effective SIF range parameters

and the two short crack arrest approaches. It terésting to note that the, .. value,

defined at the loading condition (i.e. Q=+@%aTiIcUE=103), IS hegligible compared to the

K | max Variable. This permit to explain the quasi supeunsifion of the boundaries defined

either considering a pure mode | contributichK( A = K |5 ) Or assuming a mixed

mode considering the crack face frictioAK o ¢ = \/K |2max +K 2” max ). In fact the
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mode Il contribution displays a maximum influendetl@e unloading state when Q=-Q%*,
OraTIGUE=-0a This is confirmed by the large difference obsdrvebetween the crack arrest

boundaries defined from the mode | estimation ahd tonventional mixed mode

approximatiol\K ¢ g = \/K tax + DK i . As previously suggested, the introduction of

the mode Il contribution &K .« = |K I min|), by providing a higher estimation of the

effective SIF range, promotes more pessimistiaregions of the crack arrest condition and
finally induces a reduction of the crack arrest dom

The comparison between short crack arrest appaiioms confirms the El Haddad’s

description as the most physically and quantitativeliable approach:

- By contrast to the K-T’s approximation, which si®a discontinuous evolution for the
highest fretting loadings, the El. Haddad’s assummpprovides a more realistic continuous
evolution of the crack arrest boundary.

- Whatever the SIF approximation, the K-T's assuampsystematically under estimates the
crack propagation conditions, and promotes dangeoptimist estimation of the safe crack
arrest situation. The El Haddad's description piesi more conservative and realistic
estimation of the crack arrest domain.

Combining the EI' Haddad approximation and mixedds@stimation of the effective SIF

range AK o g ), areliable and conservative prediction of experital results is achieved.

All the failure conditions are predicted. The moisegven able to discriminate the non failure
condition (FF12) from the failure situation (FFMhich are characterized by fatigue stress
difference is less than 10 MPa.

This investigation also suggests that a plain madiescription and the K-T's approximation
can induce dangerous optimistic crack arrest ptiedis. A significant discrepancy between
the experimental crack arrest boundary and theBSlaftaddad — mixed mode approximation
is however still observed. This infers that moraberated formulations, taking into account
plasticity, closure and representative frictioreefs in the crack faces should be introduced in
the model. Besides more complete short crack adestriptions, have to be considered for
future optimization of the modeling. This compledescription will however require an
expensive in depth investigation of the studiedemal, which unfortunately was not possible
in the framework of this research. However, thermabjective of this work is to provide
realistic and safe estimations of the cracking asp. Therefore, in spite of its limitations,
the current pessimist strategy which combines akl&fldad description of the short crack
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arrest condition, an elastic description of thessrfield and the application of a mixed-mode

formulation appears to be a good compromise tocqpiate the crack arrest boundary in the
CA-FFM initially.

6. Synthesis

Both crack nucleation and crack arrest boundaneseported on the same graph defining the
so call Fretting-Fatigue Map (Fig. 16). The expemtal results are compared respectively
with the model of crack nucleation defined from thssland’s multiaxial fatigue criterion
by taking into account the stress gradient effiexiugh a 3D process volume description and,

with the crack arrest boundary defined from thélBtldad-mixed mode approximation.

(_IT 1
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0.8 domain
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crack
arrest [(mmmEm
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©
»
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normalized fretting loading: Q*/uP, (R

0.2 nucleation
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0 1 1 1 1
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normalized fatigue loading: o,/0,, (R=-1)

Figure 16 : Fretting-Fatique map of the AISI 103dd (pn = 450 MPa, &= 320 um,
1=0.85): O : no crack nucleation (fcycles); @: crack nucleation (10cycles);®: crack
nucleation threshold identified for plain frettimgnditions (18 cycles)M : broken specimen

(10" cycles) : unbroken specimen (18ycles);——: theoretical crack nucleation
boundary (Crossland; s, =45 um) ;—: theoretical crack arrest boundary ( El Haddad’s-

short crack arrest methodology using friction fraxed-mode approximation).

It is interesting to note that above a given bulless O, can ), the so called Fretting —

Fatigue crack arrest bulk stress limit, the cradest boundary passes below the crack

nucleation boundary. Above this bulk stress linifita crack nucleates, it systematically
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propagates until failure. The contact evolves diyefrom a safe non-crack nucleation
situation to a catastrophic failure configuration.
This key loading point must be determined for oted safe fretting fatigue designing:

Below 0, cam , @ two-threshold damage strategy can be considemedhe lowest contact

conditions, a safe crack nucleation design can dmsidered. For higher fretting stress

conditions, an alternative safe crack arrest agpragastill applicable.

Above O, can (i.e. for high fatigue stress), only a crack natilen strategy can be

considered.

The key point loading , carn , is dependent on many factors such as the ma@riaperties

(i.e. elastic, plastic and fatigue properties), ibemal loading, the contact geometry [30] and
corresponding contact stress field distributiom® friction coefficient and numerous other
aspects like environmental interactions etc .... Futunvestigations will focus on
investigating the influence of each of these patamse

However in the framework of this first descriptiah,appears interesting to evaluate the

relative impact of fatigue parameters like; and AK . This analysis is illustrated by

comparing the studied AISI 1034 to the predictitmamned for a Ti-6Al-4V alloy applying a
similar methodology. The mechanical and fatiguepproes of this alloy are compiled in
table 1. A previous investigation performed for @mplain fretting conditions and applying

the Crossland formulation extrapolates the cradteation length scale parameter négg =

35 um. To isolate the relative influence of fatigueperties and provide a direct comparison
between the fretting fatigue maps, the contactigardtion has been adjusted to keep the
maximum pressure op =450 MPa, the contact dimensiop=a320 um and the fiction
coefficient 4 =0.85 constant. Note that such “contact” similguchn be achieved if the Ti-
6Al-4V plane is pressed against a 30 mm radius 8ZMinder steel cylinder with a same
P=227 N/mm normal loading. The comparison is thgargfor similar stress ranges with the
tangential force amplitude normalized by P=u193 N/mm and the fatigue stress amplitude
by the fatigue limit of the AISI 1034 steeb {(aisi 1034) = 270 MPa).

28



Published in International Journal of Fatigue \&1l.(2009) p. 250-262\tp://dx.doi.org/10.1016/j.ijfatigue.2008.09.002

-1)

_1)

({ crack arrest domain

3 x
Q 08 A failure o 08 Ao failure
g_ = domain ;3_ a_Cath domain
o crack o
o) arrest 5 |
S 06 domain £ 0.6
] : [
o o
£ oatf 2oal
2 :9_:’ safe crack
) ° nucleation
& o2 | safecrack R o2 domain
© nucleation T
E domain £
2 ' 2
0 L L L L c 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
normalized fatigue loading: 6,/0,s 1030 (R=-1) normalized fatigue loading: 0,/0 s 1034y (R=-1)
(a) (b)
Figure 17 : Synthetic Fretting Fatigue Map+—: theoretical crack nucleation boundary
(Crossland) ——: theoretical crack arrest boundary using EIl Haddshort crack arrest

methodology (mixed mode approximation) (P=227 N/my450 MPa, = 320 um, |
=0.85) : (a) : AISI 1034/52100 (R=40 mm,, =45 pm); (b) Ti-6AI-4V/52100 (R=30 mm,
{35 =35 pm).

The synthetic Fretting-Fatigue charts are comparedrigure 17. The Ti-4Al-6V alloy
displays a significantly larger crack nucleatiomdon, although its length scale parameter

/4 1S smaller and therefore the stress discontinaitgraging is less effective. This is
explained by the very high fatigue limit of theatitum alloy, nearly twice that of the AISI
1034 steel. The comparison also shows that Hf&AF4V alloys display a very small crack
arrest domain. The fatigue stress threshold ¢, is translated to a smaller value. The
crack arrest is so small that the safe crackingalons nearly reduced to the safe crack
nucleation area. This is explained by the 1AW , values characterizing the titanium alloy.
To rationalize the analysis, we introduce the Kitra

KS =AK, /0y (19)

The values obtained for the AISI 1034 and the Ti-8% alloys are K@usioza= 2.6 10° Vm

and KSGrisarav )=1.1 10? Ym respectively. Comparing the Fretting-Fatigue that can be
said that the higher the KS ratio, the larger ttaek arrest domain compared to the safe crack

nucleation region, and the larger the linGt, ¢,y defining the domain where the crack

arrest methodology can be applied.
This analysis is important from the practical pahview of optimizing material selection. If,

for technical considerations, the contact stressoisevere that a crack nucleation will be
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systematically activated, a reasonable strategy isptimize the contact configuration to

maintain a crack arrest situation while decrea#iiregapplied bulk stress loading, and to select
an alloy displaying the highest possild , value (i.e. highlKS ratio).
By contrast, if the system is running under highHkbfatigue stressing conditions (i.e.

0,>0, can ), @ safe crack nucleation strategy should be pexfe and the material

selected should have the highest possislevalues (i.e. low KS ratio). It also suggests

important conclusions concerning the safe Freftiatigue cracking designing procedures as a
function of the applied materials.

In rail train applications where the AlISI 1034 stisewidely used, the application of the crack
nucleation approach for Fretting Fatigue configoratpromote safe and pessimistic
predictions of the cracking damage. Indeed, extphe highest fatigue stressing, the crack
nucleation boundary is bordered by the crack ardeshain. Therefore even if a crack
nucleates, the crack arrest mechanism will lindatastrophic failure.

The conclusions are fully different for the Ti-6AY alloy which is extensively applied in
aeronautical industries. Except for the very lotigize stress range, the crack arrest boundary
is located below the crack nucleation boundarysTifiers the following remarks:

The crack nucleation strategy which is extensiegglied in the designing procedure must be
considered with caution. Indeed, if a crack nu@sano crack arrest mechanism can block the
successive propagation stage.

A damage tolerance approach, based on a crackt amethodology, appears more
conservative than a conventional crack nucleattoategyy and therefore should be preferred

to compute safe fretting fatigue structures of dogh AK ; alloys.

In the previous paragraph it was discussed hoviatigue properties of the bulk material can
interact on the cracking evolutions and the seadectof pertinent damage designing
procedures. However, in most fretting problemsfase palliatives are usually applied to
reduce the cracking risk [32]. A first approach sists in drastically reducing the coefficient
of friction and consequently the cyclic frettingestses. However, in many assemblies, a
medium friction value is in fact required eitherfio the contact or to allow a given friction
dissipation in order to avoid some catastrophicamyical problems. Therefore, keeping
constant the coefficient of friction, specific cogls can be applied to prevent the crack
nucleation process. This can be achieved usingtbnd coatings, like PVD TiN coating,
which inducing very high and stable compressivesstes will definitively block the surface

crack nucleation process (Fig. 18a). The crackeain can also be avoided by applying tick
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soft coating like plasma CuNiln layer. The top aod fretting stresses are fully
accommodated by the plastic deformation of therlayed bulk material is then protected

from the crack nucleation.

1

S crack S crack = e S crack s
£ arest £ arest - failure £ arest 1 failure
g = |domain g = domain - domain kS o |domain domain
i s , 21 =30
et SRR 8= 8=
£g £g £g
25 25 oY g5
g g \; I g S =
5 safe crack 5 safe crack o a catl S safe crack O, cath
< nucleation < nucleation - < nucleation  ~
domain domain domain
0 1 0 1 0 1
normalized fatigue loading, normalized fatigue loading, normalized fatigue loading,
Oa/Oyaisi 1034) (R=-1) OalOyaisi 1034) (R=-1) Oa/Ogaisi 1034) (R=-1)
@ (b) (©

Fig. 18 : lllustration of the palliative strategygainst fretting fatigue cracking : (a)
Application of surface coating to extend the craafe crack nucleation domain; (b)
Application of an in depth surface treatment tceextthe crack arrest domain; (c) Combined
crack nucleation / crack arrest strategy== crack nucleation boundary,— crack arrest
boundary; ultimate safe cracking limit).

A second strategy consists to apply in depth sartagatment to limit and even block the
crack propagation (Fig. 18b). Shot peened and lgsened are the most common treatments
of such category. It consists to introduce compvessesidual stresses deeper below the
surface through the application of plastic defoiore. By contrast to conversion treatments
or thin hard coatings, these compressive stresgesd stable and, when a cyclic loading
overpasses the plastic yield, the compressive uakidgtresses are partly or fully erased.
Fretting loading tends to relax the surface congivesstresses and explains why it is usually
admitted that shot peening treatment don’t impriheecrack nucleation response of fretting
fatigue contact. However below the surface, whaeedontact stressing is becoming lower,
the residual compressive stresses are maintaingavéinplay a determining action to block
the crack propagation.

For critical systems like dovetail contact of tumbiengines these two palliative strategies are
combined (Fig. 18c) either to extend the crack eatbn domain by applying thick soft
coating like CuNiln and Aluminium-bronze layers tr increase the crack propagation
resistance by introducing very deep residual cosgwe stress field using shot peened and
now laser peened. As illustrated by Figure 18, diven Fretting-Fatigue Mapping concept
appears as a useful approach to quantify and camiber relative benefit of palliative

strategies against fretting fatigue damages.
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7. Conclusion

An experimental methodology has been developeddntify, respectively, crack nucleation
and crack arrest conditions as a function of th@iag fretting and fatigue loadings. Synthetic
Fretting Fatigue maps have been introduced defimegpectively, the safe crack nucleation,
crack arrest and catastrophic failure material oasps. It is shown that a basic elastic
approximation of the fretting-fatigue loading comdd with a Crossland multiaxial fatigue
analysis is able to predict the crack nucleationnoary if the contact stress gradient effect is
taken into account. This can be achieved by consglea process volume methodology,
where the stress state considered for the multidaiggue analysis is averaged over a
representative volume. Indeed, it was shown thathi® peculiar stress gradient imposed by a
contact fretting loading, the different stress agang approaches like the 3D stress process
volume, the 2D stress process surface and theairiistance method converge to similar
results. This work shows that the process volunmagerh can be calibrated by using plain
fretting tests, and extrapolated to more complesttifrg fatigue configurations. It is also
shown that a plain El Haddad’s short crack arresthodology combined with mixed mode
SIF approximation allows a conservative descriptidrthe crack arrest domain. Based on
these different approximations, Fretting Fatigugsnaf different materials can be compared,
assuming a “contact analog” description. To evalutite relative influence of fatigue
properties regarding the respective distribution roaterial response, the KS fatigue

parameter, defined as the ratio betweeridhg crack threshold\K ,and the fatigue limito 4,

is considered. A relative description of Frettingtifue Maps concludes that the higher the
KS ratio, the larger the crack arrest domain, waernhe smaller the KS ratio the larger the
safe crack nucleation area. Taking into accouet rthaterial properties and the applied
contact configuration, different safe damage desmnan then be adopted, focusing either on

crack arrest or safe crack nucleation strategies.
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