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ABSTRACT

The present Ph.D. Thesis deals with the analysismetallic structural
components subject to fretting fatigue in partidip sregime. An analytical
methodology for fretting fatigue assessment ofcstral components is proposed.
Such a methodology allows to evaluate both tha@linitack path and the lifetime
of metallic structures under fretting fatigue elagpartial slip loading conditions
in high-cycle fatigue.

The proposed methodology consists in the jointiegipbn of the multiaxial
fatigue criterion by Carpinteri et al. together withe non-local approach (hamed
Critical Direction Method) by Araujo et al. Theifdsophy related to the theory of
the Critical Distance by Taylor is also taken imtocount in the procedure.

The stress field induced into two bodies in consaftject to fretting fatigue is
analysed in Chapter 2, since it represents an ingaiia for the methodology.
Firstly, the damage process associated with frgttis described, by even
exploiting the concept of fretting map. Subseduyemhe main methodologies
available in the literature to analyse frettingitaie problems are briefly reviewed.
Finally, the analytical formulation implemented tine proposed methodology is
detailed.

Chapter 3 is devoted to the description of the aded analytical methodology
proposed in the present Ph.D. Thesis for frettiaiggfie assessment of structural
components. In particular, both the Critical Ditem Method by Araujo et al., the
theory of the Critical Distance by Taylor, and t@arpinteri et al. criterion for
fretting fatigue are described. Then, the stepsthef advanced methodology
proposed in the present Ph.D. Thesis are detailed.

Chapter 4 deals with the validation of the propoaedlytical methodology. In
more detail, ten different experimental campaigrailable in the literature and



related to fretting fatigue tests in partial sliprditions are examined. Eight
different materials, that is, four aluminium allgyane titanium alloy and three
steels, are analysed. The results obtained indesfrboth crack path orientation
and fatigue life are described and compared todkgerimental ones available in
the literature, for each experimental campaign eixesah.

Finally, conclusions are summarised in Chapter 5.
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1

OBJECT AND OBJECTIVESOF THE PH.D. THESIS

1.1 Object of study

The present Ph.D. Thesis deals with the analysimetéllic structural components
subject to fretting fatigue in partial slip regime.

Fretting is a contact phenomenon that occurs whstrugtural component is
clamped against another mechanical part in preseheeall oscillatory relative
displacements. In such a condition, relative mdigplacements arise at the
contact surface. Two different regimes can beirgjsished on the basis of the
magnitude of such relative displacements:

i) Gross dip regime, with micro-displacements generally of the ordér o

20+ 300um. In such a condition, characterised by globaltret motion

between the components, the main damage phenomertbe material
wear (Berthier, 1989);

i) Partial dip regime, when the relative micro-displacements are ofofuer
of few microns, together with a magnitude of thedoclamping the
components sufficiently high to prevent completdisy between them. In
such a condition, the contact surface consistsofmer stick region, with
no relative displacements, and an outer micro®gion, and the main
damage phenomenon is the nucleation of crackseatdhtact surface due
to high stress gradient (Hurricks,1970).

Superficial debris formation due to material weaaicomplex long-term issue.
However, such a damage phenomenon is less dangéushe crack nucleation
and subsequent propagation when components arectedbjto remote fatigue
loading (Waterhouse, 1992). Therefore, partigl sigime has been recognised as
the most damaging condition.

As a matter of fact, a remote fatigue loading, ractat least on one of the
components under contact, is able to promote tb&uton of surface cracks, that
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can lead to failure of the fatigued component fts@lhis situation is referred to as
fretting fatigue, which is well-known to be different from plaintigue, mainly due

to the high stress level that characterises théomegear the contact surface
(Szolwinski, 1997). Moreover, fretting fatigue @ complex phenomenon that
depends on more than 50 parameters (Collins, 1968¢h can be narrowed down
into eight groups: relative slip amplitude, numbé&loading cycles, frequency of
cyclic loading, magnitude and distribution of tlentact pressure, local stress state,
material and surface conditions, temperature, andranments surrounding the
component surfaces (Sunde, 2018).

Fretting fatigue has been recognised as the prifaiyre mode in many in-
service engineering components in different fielofs application. Railway
transport, where cracks nucleating due to rollaiigfie issues may lead to failure
and consequent derailment, both air and sea tramsploere damages related to
detachment of layers or components in riveted $odatuld happen, and automotive
area, where failure can occur in wheel spindleyihg blades hook systems with
the hub, fasten of crankshaft with bearing, arethvooting. Moreover, fretting
fatigue affects orthopaedic implants, metal roped aables, and many other
applications in which bolted joints are subjected small oscillatory relative
displacements or vibrations.

Most failures due to fretting fatigue occur in higycle fatigue regime
conditions, where a large portion up to 90% of Itfatigue life is spent in crack
nucleation, whereas only a small amount is reltdeztack propagation (Namjoshi,
2002). Therefore, a crack-nucleation approactesirdble to be applied in order to
assess the fatigue behaviour of fretting-affectadmonents.

In such a context, an accurate analysis of fatipebaviour of structural
components subject to fretting fatigue appearsetofdundamental importance.

1.2 Objectives of the Ph.D. Thesis

An analytical methodology for fretting fatigue ass@ent of structural components
is proposed in the present Ph.D. Thesis. In metaild such a methodology may
be employed in order to evaluate both the initi@ck path and the lifetime of
metallic structures under fretting fatigue elagtartial slip loading conditions in
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high-cycle fatigue. Consequently, being based ioeat-elastic formulations, it
could be easily applied to practical situationthi@ industrial field.

The proposed methodology falls in the categorytrdss-based critical-plane
approach. In particular, the criterion by Carpingt al. (Carpinteri, 2011) for
metallic structures under multiaxial constant atopk fatigue loading in high-
cycle fatigue regime, originally proposed for plditigue conditions, is here
extended to the case of fretting fatigue. The ©@éed et al. criterion is
implemented in conjunction with the Critical Direet Method proposed by
Araujo et al. (Araujo, 2017), and the philosophkated to the theory of the Critical
Distance by Taylor (Taylor, 2007) is also takemiatcount in the procedure.

The stress field induced into two bodies in contadiject to fretting fatigue is
analysed inChapter 2, since it represents an input data for the metloggo
Firstly, the damage process associated with feetrdescribed, by even exploiting
the concept of fretting map. Subsequently, thenme@thodologies available in the
literature to analyse fretting fatigue problems brefly reviewed. Finally, the
analytical formulation implemented in the proposeethodology is detailed.

Chapter 3is devoted to the description of the advancedydiocal methodology
proposed in the present Ph.D. Thesis for frettmiigfie assessment of structural
components. In particular, both the Critical Dtrea Method by Aradjo et al., the
theory of the Critical Distance by Taylor, and tGarpinteri et al. criterion for
fretting fatigue are described. Then, the stepghef advanced methodology
proposed in the present Ph.D. Thesis are detailed.

Chapter 4 deals with the validation of the proposed anadytinethodology. In
more detail, ten different experimental campaigwailable in the literature and
related to fretting fatigue tests in partial slipnditions are examined. Eight
different materials, that is, four aluminium allpyene titanium alloy and three
steels, are analysed. The results obtained instefiboth crack path orientation
and fatigue life are described and compared tee®perimental ones available in
the literature, for each experimental campaign éxadh

Finally, conclusions are summariseddhapter 5.



4 Chapter 1

1.3 References

Aratjo J.A., Almeida G.M.J., Ferreira J.L.A., ddv&iC.R.M., Castro F.C. Early
cracking orientation under high stress gradiente Tretting caselnternational
Journal of Fatigue, 2017; 100: 611-618.

Berthier Y., Vincent L., Godet M. Fretting fatigwend fretting wearTribology
International, 1989; 22: 235-242.

Carpinteri A., Spagnoli A., Vantadori S. Multiaxigktigue assessment using a
simplified critical plane-based criteriomternational Journal of Fatigue, 2011;
33: 969-976.

Collins J.A. Fretting-fatigue damage-factor deteration.Journal of Engineering
for Industry, 1965; 87, 3: 298-302.

Hurricks P.L. Mechanism of fretting\Vear, 1970; 15: 389-409.

Namjoshi S.A., Mall S., Jain V.K., Jin O. Frettiigtigue crack initiation
mechanism in Ti-6Al-4V Fatigue and Fracture of Engineering Materials and
Sructures, 2002; 25, 10: 955-964.

Sunde S.L., Berto F., Haugen B. Predicting fretfaigue in engineering design.
International Journal of Fatigue, 2018; 117: 314-326.

Szolwinski M.P., Farris T.N. Mechanics of frettirfgtigue crack formation.
International Journal of Fatigue, 1997; 19: 39-49.

Taylor D. The Theory of Critical Distances. A New Perspective in Fracture
Mechanics. UK: Elsevier; 2007.

Waterhouse R.B. The problems of fretting fatigustitg. In: Attia M.H.,
Waterhouse R.B., editors. Standardization of fretting fatigue test methods and
equipment. ASTM STP 1159, Philadelphia, 1992, 13-19.



2

STRESSFIELD DUE TO FRETTING FATIGUE

2.1 Introduction

The present Chapter deals with the analysis ofstress field induced into two
bodies in contact, subject to fretting fatigue.

Firstly, the damage process associated with fgetérdescribed. Moreover, the
loading conditions that characterise such a phenomethat are fretting wear and
fretting fatigue, are analysed and the mechaniebbbiour under such conditions
is described by exploiting the concept of frettimgp.

Subsequently, the main methodologies availableh@ literature to analyse
fretting fatigue problems are briefly reviewed. cBumethodologies are based on
both analytical and numerical solutions.

The methodology proposed in the present Ph.D. $Heslbngs to the field of
the stress-based critical plane approach. In quéati, the multiaxial fatigue
criterion proposed by Carpinteri et al. (Carpint@®11) is used in conjunction
with the Critical Direction method proposed by Amét al. (Aradjo, 2017) and
the theory of the Critical Distance by Taylor (Tayl2007).

Finally, the analytical formulation implemented such a methodology is
detailed in the case of cylindrical contact, beeatlse advanced methodology
proposed in the present Ph.D. Thesis is verified thking into account
experimental fretting fatigue tests in partial slgonditions. Although the
application of the above methodology to simple saseich as cylinder-to-flat
fretting fatigue tests, may appear restrictive beeaof its simplicity, it is
fundamental for understanding the phenomenon dtirfgefatigue. Moreover, in
order to study more complex geometries, numerip@ir@aches based on finite
element models would be more suitable. However ctidibration of such models
is quite difficult, and analytical solutions (suels the one implemented in the
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methodology proposed in the present Ph.D. Thesie) citen employed for
calibration, in order to achieve more reliable tessu

2.2 Fretting phenomenon: basic concepts

Many in-service engineering components are sulijette a large number of
vibrations. When such components are clamped sigaidifferent mechanical part
by means of a normal load, relative cyclic nancefotdisplacements arise at
contact surface. This contact phenomenon is nafretting (Nowell, 2005;
Waterhouse, 1992).

The damage process associated with fretting isechus/ the synergistic
contribution of wear, corrosion, and crack nucleatand growth (Waterhouse,
1972). According to Hurricks (Hurricks, 1970),ygical damage mechanism can
be observed in engineering materials subject ttirige

The scarring of the superficial oxide layer is thiéial mechanism that can be
observed (Sunde, 2018). Then, the formation ofil-walds at the surface
asperities appears, thus modifying the frictiorwleetn the contact surfaces. In
particular, the value of the friction coefficierdhexperimentally been observed to
increase during the first few hundreds of loadipndes (Hills, 1998).

When the above micro-welds break and wear off, onitebris appear between
the contact surfaces (Szolwinski, 1997). Althougiich debris may initially
promote the abrasion phenomenon, they act as actir@ layer (named third
body) reducing the wear of the material (Berthi&89).

As the number of loading cycles increases, platformations take place near
the contact surface, thus resulting in possibleleation of several grain-sized
microcracks (Endo, 1976). When such microcracksctfthe superficial oxide
layer, additional microdebris arise. This mechanigogether with corrosive
environmental conditions, accelerates the weargssc

In such a condition, if a cyclic loading is appliedone of the members of the
contact, the propagation of one or more of theesfemtioned microcracks into the
bulk material is promoted. It should be highlightdnat the near-surface crack
nucleation stage is dominated by the high stresslignt due to contact and
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strongly depends on the material microstructuregreds remote fatigue loading
mainly affects the crack propagation stage (Novi€90).

As far as the loading conditions are concernedjrigewear and fretting fatigue
can be distinguished (Waterhouse, 1992). Frettiegr loading condition is
attained when at least one of the members of th&acbis subjected to an external
cyclic motion, whereas fretting fatigue loading dition is attained when at least
one of the members of the contact is subjected &xternal cyclic load.

In both such conditions either partial slip or gradip regime may occur.
According to the theoretical model by Mindlin (Miivd 1949), partial slip regime
is attained when the tangential force remains Iavan the product of the normal
load and the static coefficient of friction, anckité are parts of contact where no
slip occurs. The fretting loop in a tangentialcExdisplacement plane is elliptical
(Hannel, 2001). On the other hand, gross slipmmegis attained when the
tangential force is equal to the above product, sligd occurs across the whole
contact. The fretting loop is trapezoidal (Han2€i01).

In order to properly describe the mechanical behavinder both fretting wear
and fretting fatigue, the concept of fretting mam de exploited. Such a tool is a
visual description of the fretting phenomenon, tbinl order to characterise the
fretting problem and distinguish the regimes ineadlv In particular, by means of
fretting maps, it is possible to distinguish thginee of fretting contact in terms of:

i) Relative displacements, thus identifying stick {tt&a no sliding), mixed

stick and slip, or gross slip;

i) Surface degradation, thus identifying fatigue, weaoxidation attack;

iil) Fretting loop shape, thus identifying linear, ditpl or trapezoidal shape.

A review of the main fretting maps available in therature is given by Zhou
et al. (Zhou, 2006). The concept of fretting maper fretting wear loading
condition was initially proposed by Vingsbo and &dmrg (Vingsbo, 1988). They
identified the slip amplitude as the most significparameter. Therefore, they
built different fretting maps, where the normalder the frequency of vibration,
the fretting wear rate, or the fretting lifetime n@egenerally identified as a function
of the slip amplitude.

Vingsbo and Soderberg experimentally identifie@¢hregimesKigure 2.1):
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I)  Stick regime, characterised by no sliding at therfiace and very limited
wear and oxidation in correspondence of indivicasgerities. The fretting
loop collapses in a segment;

i) Mixed stick-slip regime, characterized by a centstitk area and a
surrounding annular slip area. Extensive cracidion (fatigue) arises in
the slip area with release of particles from cra@kear), and wear and
oxidation appear at the shear fractured individagperities in the stick
area. The fretting loop has an elliptical shape;

iif) Gross slip regime, characterized by slip that tgiase across the whole
contact area, extensive wear with sliding markgrétting direction and
material delamination and detach of particles, @xidation with detach of
oxide flakes. Wear and oxidation are strongly ¢edipn such a regime.
The fretting loop has a trapezoidal shape.

'Mixed stickl ~ Gross
| slip regime| = slip regime

E | |
o 107 ‘ |
S 1 I
wi o | !
= E | !
(@)]
E o | !
O] N I
Z |
= 1 I
L | |
| |
£ o10°l !
1 10 100

DISPLACEMENT AMPLITUDE, [um]

Figure 2.1 Example of fretting map under fretting wear lgagicondition proposed
by Vingsbo and Soderberg (Vingsbo, 1988).

Subsequently, Zhou et al. (Zhou, 1990; Zhou, 19, 1995) proposed the
running condition fretting map(RCFM), where the fretting regimes are
distinguished in partial slip regime, mixed fregtinegime and gross slip regime,
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depending on both displacement amplitude and nummbé&rading cycles. More

precisely, the regimes experimentally identified (@igure 2.29:

)

ii)

Partial slip regime, attained for small displacememplitude values
where, during the entire test, the contact behasgeis partial slip regime
described by Mindlin or, in an equivalent way, letmixed stick-slip
regime described by Vingsbo and Soderberg. Thitinfgeloop has an
elliptical shape during the whole test;

Mixed fretting regime, attained for intermediatespdacement amplitude
values, associated with an unstable fretting lotd@mt may have a
trapezoidal shape or an elliptical shape dependingthe number of
loading cycles. The Mindlin model is not validsach a regime;

Gross slip regime, attained for large displacenaamplitude values where,
during the whole test, the contact behaves as engtioss slip regime
described by both Mindlin and Vingsbo and Soderberge fretting loop
has a trapezoidal shape during the whole test.

(a)

TANGENTIAL
FORCE

DISPLACEMENT “(/ /) >

i1
0, 10\\_\
A
AD*Q?’WOB N
g 4
104>,

TANGENTIAL

TANGENTIAL
FORCE

NORMAL FORCE

PARTIAL SLIP

GROSS SLIP

Z

NORMAL FORCE
NO DAMAGE
CRACKING
Q
Q

DISPLACEMENT AMPLITUDE

Figure 2.2 (a) Running condition fretting map and (b) makresponse fretting map.
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Note that Zhou et al. ignored the stick regime higtted by Vingsbo and
Soderberg suggesting, in agreement with Mindlirat tthere are always some
regions of the contact experiencing slip and, ftoeeg no stick regime can actually
exist.

Moreover, the regime definitions by Zhou et al. avere realistic than those
previously presented, because both Mindlin and $tiegand Soderberg neglected
the early stage of fretting process (that is, Wiggipens below Qoading cycles)
and therefore were not able to capture the mixettirig regime.

Another fretting map, namethaterial response fretting magMRFM), was
proposed by Heredia and Fouvry (Heredia, 2010).suUoh a fretting map, no
damage domain, cracking domain, competition domaimd wear domain are
distinguishedigure 2.2H.

Concerning the correspondence between RCFM and MBIkdWn inFigure
2.2, partial slip regime is divided into a securityntlgin, without damage, and a
domain where cracking appears. On the other lgmods slip regime is associated
with wear and oxidation, whereas mixed frettingimesy generates competition
between cracking and wear.

Both fretting wear and fretting fatigue conditidmsve been widely investigated
in last decades. In particular, fretting fatigues Heeen recognised as a primary
failure mode across a wide range of structural aomepts. Therefore, the main
analytical and numerical solutions available in litexature for the case of fretting
fatigue are reviewed in the following Section.

2.3 Analytical and numerical methodsfor fretting fatigue

Fretting fatigue has been recognised as a prinziyré mode across a wide range
of structural components, such as dovetail joibtdf and riveted joints, spline
coupling, running cables, and overhead conductaradjo, 2016; Juoksukangas,
2016; Moraes, 2018; Ruiz, 1984). Such a phenoménarell-known to differ
from plain fatigue, especially because of the Hlityessgradient near the surface of
the component due to contact.

The analytical studies of contact date back toghé of XIX century, when
Hertz (Hertz, 1882) studied frictionless contactwaen linear elastic spherical
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half-spaces. The Hertzian solution was then exénoly many researchers, in
order to find closed form solutions for differerdses. Johnson et al. (Johnson,
1971) included the adhesive forces between theacbhbdies, whereas Cattaneo
(Cattaneo, 1938) and Mindlin (Mindlin, 1949) indapdently considered partial
slips due to the presence of tangential loads. Jdtéaneo-Mindlin case was then
integrated by Nowell and Hills (Nowell, 1987) bitag into account the effect of
a bulk cyclic stress on the stress components. eMar, the Cattaneo-Mindlin
problem was extended by Jager (Jager, 1998) to meneral geometries and,
subsequently, by Davies et al. (Davies, 2012) tging normal loads.

Asymptotic analysis has also been employed to dstuelgtress concentration in
fretting fatigue, due to the analogy with cracksfriacture mechanics. Such a
theory has been applied especially in completeambmroblems with sharp contact
edges, where the Hertzian theory fails. Williangilfams, 1952) and Bogy
(Bogy, 1968) proposed to evaluate the stress coemgsras functions of the wedge
angle, in elastically similar bodies and elasticalissimilar bodies, respectively.
The asymptotic theory has been applied also tampbete contact in partial slip by
Dini and Hills (Dini, 2004), who compared the rdsubtained with those deduced
by using the Cattaneo-Mindlin solution, and by Feat al. (Fleury, 2017) who
extended the analysis to more complex loading hésto

Analytical models are widely used for comparisonithvexperimental results
and parametric studies. Moreover, such methodd¥earsed to evaluate the stress
field in real components, once the parameters u@bhave been adjusted.

On the other hand, numerical methods such as fel@enent methods, are
becoming increasingly used, allowing to examine ensomplex geometries,
loading histories, and external conditions. Inayah when half-plane theory is
violated, numerical methods are needed.

Finite element methods are available in the litematin order to take into
account the effect of either wear or plasticitytime fretting fatigue modelling
(Gandiolle, 2013; Madge, 2007). Moreover, micnostural effects, such as the
damage evolution and the crack initiation, may toelied by including continuum
damage mechanics in the finite element code (Zh20iR).

The extended finite element methods have recernthpcted the interest of
many researchers due to the possibility to enreh dolution of standard finite
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element methods. In more detail, discontinuoustions can be implemented,
thus providing the possibility to capture local atidcontinuous effects. Moés et
al. (Moés, 1999) proposed a model able to simutaecrack growth without the

need for remeshing, and Giner et al. (Giner, 2008)ye able to find good

estimations in terms of stress intensity factorthvé relatively coarse mesh by
using singular expressions for complete contaceraichment functions in the

formulation of finite elements.

Nowadays, different approaches implementing eidaalytical or numerical
models have been applied to assess the fatigueflffetting affected components.
Some of those approaches consider both crack riacieand crack propagation
phase. Araudjo and Nowell (Araujo, 2009) proposetal life methodology for
the evaluation of mixed low-high cycle fatigue gest According to such a
methodology, the number of cycles needed to nulaatrack of a given length is
added to the number of cycles for propagations Worth noting that the choice of
the initiation crack length is arbitrary and maydeto very different results.
Navarro et al. (Navarro, 2003) proposed to defime initiation crack length by
computing, in different material points along thraak path, the driving force for
both initiation and propagation by using the Basgaguation and the Linear
Elastic Fracture Mechanics (LEFM), respectivelyheTminimum depth at which
the LEFM driving force was bigger than the onetelao the initiation mechanism
was assumed to be the initiation crack length. s€quently, the total life was
obtained as the sum between the initiation numiberyoles and the number of
cycles for crack propagation until failure.

Some approaches related only to the crack promagatiase are available in
the literature. Such approaches, based on tharlalastic fracture mechanics, aim
to determine whether a crack will arrest afteriation by means of threshold
curves for the stress intensity factors. By usingumerical methodology based on
a stress-intensity factor criterion, Said et alaiS 2020) showed that cracks
propagated up to a certain extent even in fully passive state, and proposed a
Mode Il threshold. Moreover, Giannakopoulos et (@iannakopoulos, 1998)
compared the contact stress with the stress sirigegadue to cracks. The crack
growth in fretting fatigue was compared to a bramghcrack starting from a
principal crack represented by the contact intexfaghe fretting fatigue life was



Stress field due to fretting fatigue 13

evaluated by means of the classical Paris law,{¥pjoding the asymptotic field
description and inferring the order of singulatitybe square-root bounded.

Nevertheless, damage models concerning the cragdkation phase are mainly
employed in fretting fatigue assessment, sincekcraacleation life has been
observed to be around 90% of the total frettingyée life (Walvekar, 2014). Such
models may be classified according to Bhatti anch&a(Bhatti, 2018) on the
basis of the approach used to define failure. Mpirecisely, four different
approaches may be distinguished: fretting spegificameters (FSP) approach,
continuum damage mechanics (CDM) approach, stnessiant (SI) approach, and
critical plane (CP) approach.

In order to take into account the high frictionatdes at the contact interface,
fretting specific parameters incorporating the @ffef slip amplitude have been
proposed. The most widespread paramets that proposed by Ruiz et al. (Ruiz,
1984), which combined relative slip amplitude wihear stress to obtain the
frictional energy due to contact forces and latddesl tensile stress to such a
frictional energy for better predicting the acteahck location. Such parameters
provide a quantitative prediction of fretting fat&behaviour, and are widely used
in many industrial applications.

Continuum damage mechanics approach aims to dedbeinucleation process
inside a representative volume element at mesgsbglemploying mechanical
variables. More precisely, a damage scalar variaitorporating the effect of
mean stress, stress amplitude, loading historyemadt and loading conditions is
adopted. Different CDM models are available in titerature, such as those
proposed by Bhattacharya and Ellingwood (Bhatta@)at998), Chaboche and
Lesne (Chaboche, 1988) and Lemaitre (Lemaitre, Y19Bb which the crack
nucleation is assumed to occur when a criticalevaludamage is achieved. Since
damage is computed as a scalar variable, no infamaan be obtained about
crack orientation.

As far as the stress invariant approach is condethe parameter suggested by
Crossland (Crossland, 1956) is worth noting. Saigfarameter takes into account
both the maximum amplitude of second invariantef deviatoric stress tensor and
the maximum hydrostatic pressure. This approaah#sacterised by a low time
requesting computation, but it is not able to daiee the crack orientation.
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According to the critical plane approach, fatiggsessment is performed on a
specific plane named critical plane, which is prambe the crack nucleation plane.
This approach can further be classified as strasedh strain-based, or strain-
energy density based approach. Findley (Findl®&g9)1 and later McDiarmid
(McDiarmid, 1991) proposed two different stressdahparameters for high-cycle
fatigue regime, both of them depending on the marimmormal stress. Brown
and Miller (Brown, 1973) suggested a strain-baseauation of fatigue life, by
proposing a linear combination of shear strain é@ogé and maximum normal
strain range. Fatemi and Socie (Fatemi, 1988) fieadihe Brown and Miller
parameter by substituting the normal strain with tlormal stress, in order to
include the effect of non-proportional loading andan stress. Moreover, among
the strain energy density-based parameters, thdwismith et al. (Smith, 1970),
known as the Smith Watson and Topper (SWT) paranfdefined as maximum
tensile stress multiplied by strain amplitude), &émelone by Liu (Liu, 1993) (based
on virtual strain energy) are the most widespread.

It is important to highlight that estimations cam improved by applying non-
local approaches, that is, by taking into accoithiee the stress state related to a
material point at a certain distance from the ccintz®ne or a mean stress state
computed along a line or in a volume. Note thatdtrategy based on a mean state
of stress was originally proposed for notched stma¢ components: an analogy
between notches and fretting fatigue seems to pmppate since the notch effect
in terms of stress concentration is similar to thag to the severe stress gradients
in the contact zone for fretting fatigue (Araluj@1®).

In the context of critical plane approach, Aradjake (Aradjo, 2020) employed
a finite element method that incorporated wear amditical plane-based criterion
coupled with a critical distance varying with fateylife, in order to numerically
analyse fretting fatigue tests on wires taken fromerhead conductors. The
approach showed reasonably accurate estimatiaettinfy fatigue life in medium-
high cycle regime.

The methodology proposed in the present Ph.D. $hesbngs to the field of
stress-based critical plane approach. In partictie multiaxial fatigue criterion
proposed by Carpinteri et al. (Carpinteri, 201lijmplemented in conjunction with
the Critical Direction method proposed by Araljoakt (Araudjo, 2017) and the
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theory of the Critical Distance by Taylor (Tayl@Q07). The stress field used as
input for the criterion is analytically evaluatey lising the closed-form solution by
Johnson (Johnson, 1985), based on the formalismdHdayz (Hertz, 1896),
Cattaneo (Cattaneo, 1938) and Mindlin (Mindlin, 994and McEwen (McEwen,
1949), together with the closed-form solution byatd and Hills (Nowell, 1987).

In more detail, such an analytical formulation lie tase of cylindrical contact
is discussed in the following Section, since theaaded methodology proposed in
the present PhD Thesis is verified by taking intocaant experimental fretting
fatigue tests in partial slip conditions.

2.4 Analytical solution for fretting fatigue in partial dip regime:
cylindrical contact

Let us consider a typical fretting fatigue configtion Figure 2.3, where two
fretting pads, which may be characterised by eiipfterical or cylindrical shape,
are pushed against a dog-bone specimen in paliparegime. The reference
frame, Oxyz, is shown inFigure 2.3 A normal constant force?, and a cyclic

tangential forceQ(t) , are applied to the pads, whereas the specimearierpes a
cyclic axial stressogg(t), named bulk stress in the following, which is imape

with Q(t).

111111
0
>
w)
o

SPECIMEN — (1)

PAD

= P \

| I

I,

Figure 2.3 Typical cylinder-to-flat fretting fatigue tesh presence of both constant
normal load, P, cyclic tangential IoadQ(t), and cyclic bulk stresg7g (t) .



16 Chapter 2

The stress field in the vicinity of the contact epim the case of fretting fatigue
elastic partial slip loading condition, is detailegreafter. Note that only the stress
field in the case of cylindrical pads is preseritethe following: nevertheless, the
stress field in the case of spherical pads mayeleiced in a similar way (Johnson,
1985).

2.4.1 Constant normal load in contact problems

Let us consider a contact problem with two non-ooming bodies, thus
characterized by different profiles. The contame between such solids consists
of a single point (or a line, depending on the bsdjeometry), which coincides
with the origin of the reference franf@xyz in Figure 2.4 However, as far as an

external load or displacement is applied, the twdids deform and the contact
area becomes a finite area, whose sizes are adnmdtthe magnitudes of applied
loads or displacements.

body 2

Figure 2.4 Contact between non-conforming bodies, charanterby different general
profiles.

Therefore, a theory of contact is required to prethe shape and size of the
contact surface, the magnitude and distributiontha surface tractions, and
displacements and deformations induced withinweekiodies.

In the region close to the contact zone, the sarfacfile of each body may be
approximated by means of a parabolic shape, remexseby the following
quadratic expressions:
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z=AX+B¥+Gx (2.1a)

2= AX+B Y+ Gx (2.1b)

where higher order terms are neglected;, B;, A, B, are positive constants
depending on the shape of solids brought into cbnté is possible to identify a
proper orientation of thex and y axes (that isx and y;) so that the term irxy

vanishes ané&quations (2.1pecome:

TT2R; 2R" '
1 1
2, = {ZRZ X2 + X yzzj (2.2b)

whereR', R" and R,', R," represent the surface radii of curvature for bbdy

and 2, respectively, in correspondence of the mri@i, of the reference frame.
Moreover, the distancdy, between the two surfaces may be written as falow

- SR S S
h—zl+22—2Rl>?+2R"); A%+ BY 2.3)

where R' and R" represent the main relative radii of curvatureereasA and B
are positive constants. If the longitudinal axéshe two bodies are inclined to
each other by an angle, it is possible to demonstrate thAtand B are defined
by the following expressions:
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/1,1 Yy 1 1 1 1
A+B=—| —+— |=—| —+ —— 4+ "+ —
+ 2(R|+ Ruj 2( Rl+ Rn+ Bl+ an (24a)

(2.4b)

By means oEquations 2.4it can be deduced that:

)

ii)

If the two bodies are solids of revolutions, thar B:%[%+éj. The

points characterised by the same valuehdfy on a circle centred at the
origin O;
If the two bodies are cylindrical and in contacoraj their longitudinal

axes, thenAzl(i+—lJ and B=0. The points characterised by the
2R R

same value oh lay on a straight line parallel to the longitudiaais;

If the two bodies have general profiles, thénand B are defined by

general expressions. The points characterisethidgdame value ol lay

on an ellipse centred at the origih.

We shall now consider the deformation (dotted iimd-igure 2.5 caused by
the application of a normal load?, on both bodies of general shape (chosen
convex for convenience).

Due to such a normal load, two poirls and T, reasonably distant from the

contact surface move towards the origin of theregfee systemQ, whereas the

points S(x ¥ 7) and S;(x y 2) on the contact surface move along theaxis

by an amount equal toz and Uz, measured fronT; and T,, respectively. In

such a situation, the following two cases may arise



Stress field due to fretting fatigue 19

Figure 2.5 Contact between non-conforming bodies, charanterby different general
profiles: deformation due to constant normal lodl,(dashed lines).

) S andS, are coincident, that means that the two pointdcaaed within

the contact region. In such a case, the folloveiggality holds:
Gﬂ+f122+h=51+52 (2.5)
And, by means dEquation (2.3)it becomes:
Ua+Uzp =3 +0d,- A¢ - BY (2.6)

i) S andS, are not coincident, that means that the two pdi@tsutside the

contact region. In such a case, the following étyuaolds:

Un+Uz >3 +d,- AC - BY 2.7)
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In order to analyse the deformation due to conpaessure, it is necessary to
determine the distribution of the pressure fielthatcontact interface, such that the
resulting displacements, normal to the surfacdsgfgdoth Equation (2.6)within
the contact area arittjuation(2.7) outside such an area.

Heinrich Hertz (Hertz, 1896) was the first one tthiave significant results
concerning the problem of the contact between tiastie bodies of general shape,
clamped against each other by means of a consteintah load. He considered
some hypotheses in order to simplify the probldmmore detail, by considering
the half-widtha of the contact region, the radilis of curvature of the two bodies,

the depthl of such bodies, the deformatiay, in correspondence of the yielding
of the material, the friction coefficientt, Hertz assumed that:

1) a<<R, thatis, the width of the contact surface is igtiglle with respect
to the radius of curvature for each body. Suclygothesis allows us to
approximate the contact surfaces to an elastiedpalte;

2) a<<lI,thatis, each body can be considered as anceladfispace loaded
over an elliptical region at the surface. Suchypodthesis allows us to
obtain a stress/deformation field that is not iefluaed by the presence of
the solid boundary;

3) &<¢gy, thatis, the magnitude of the deformations nkerdpntact region

allows us to apply the theory of elasticity;
4) wu=0, that is, the surfaces of the bodies are fricées] that is, only

normal stress is transferred.

Therefore, as far as two cylindrical bodies in eshtalong their longitudinal
axes are considered, the contact surface consists strip of width 2a, lying
parallel to the axes of the cylindefsigure 2.6). Such a contact surface may be
considered as the limit of the elliptical surfadett characterizes the contact
between general bodies, as one of the axes tenoiinide. It is important to
highlight that a plane strain condition may be assdl and, consequently, onky
and z coordinates are considerdddure 2.6).

Equation (2.3)allows us to express the separatiorbetween two cylindrical
bodies as follows:
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hzl[—lTizsz:—lxz (2.8)

being %:(%-F%J Hence, for points lying on the contact surfacds

condition represented [yquation (2.6)must be respected:

Gzl+G22=5_l+52—2—1Rx2 (2.9)

whereas, for points outside the contact surface, dbndition represented by
Equation (2.7holds:
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Gzl+ﬂzz>c51+52—2—1Rx2 (2.10)

By means of the Hertzian theory, it is possiblenauely determine the normal
pressure distribution,p(x), that satisfiesEquations (2.9)and (2.10) More

precisely, by differentiating both contributions Bfjuation (2.9) it is possible to
obtain:

ouz , duz __1 (2.11)
0X 0X R
Moreover, by exploiting the results reported bynkzn (Johnson, 1985) related
to the displacement field of a half-space due &opresence of a normal load, it is
possible to write:

a

aGﬂ+aD22:_ 2 P9 4

ox ox mE*J_, x-S

(2.12)

where E* represents the elastic modulus for plane strandition. In the case of
2 2
L . 1-v 1-v
two bodies in contact, it becomes- =1 4 17V2"
E* =] E

Therefore, by consideringquations (2.11and(2.12) we can derive:

a *
j ﬂ ds:E X (2.13)
X—S 2R

—a

from which the normal pressure distributigo(x) , can be obtained:
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2
a
TE* X =

pog=-"E" 2 v P
2R mlfaz—xzi ma? - x?

(2.14)

In order to determine a distributiop(x) of compression on the whole contact
region and a finite stress gradient at the edgesuoh an area, it is possible to
demonstrate (Hertz, 1896; Johnson, 1985) thatdhsetant normal load® must be
equal to the following expression:

_ mTa’E*
4R

P (2.15)

Therefore, by combiningquations (2.14and(2.15) it is possible to determine
the contact semi-widtha , between two cylindrical half spaces:

4PR
== (2.16)

Moreover, the normal pressure distribution ariseigthe contact interface
between the two cylindrical bodies is obtained fiequation (2.14)

2P Ja2—¥ 217
- @47)

p(x) =

Such a distribution, namedHertzian contact pressure distributionis
characterized by a parabolic shapeggre 2.7) with a maximum value in the
middle of the contact regiorx(=0) equal to:
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Figure 2.7 Contact pressure distributiorp(x) , at the interface of cylindrical bodies,

subject to constant normal load?, .

_2P_ [PE”
ra TR

Po (2.18)

The determination of stresses due to cylindricakact was firstly provided in a
simplified form by McEwen (McEwen, 1949). In madetail, the components of
the stress tensor, produced by a general constadtP in the vicinity of the
contact zone, are given by:

2 2
o} =—%{m[1+ ;1;}—22} (2.19a)
o° = —% m(l—%} (2.19b)

T,= (2.19¢)
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where the functiongn and n are given by:

= (€ ke 2 eaRze( d- % 9 (2.200)

Jet-x+ 2 vaxz-(d- %+ ) (2.200)

Nevertheless, the influence of a cyclic tangenkld on both stress and
displacement fields is not taken into account by lttertzian theory, and will be
analysed in the following Section.

2.4.2 Static tangential load in contact problems
The influence of a static tangential for€@, on both stress and displacement fields

within two bodies in contact is analysed in thespre Section.
Let us consider two bodies of general profile, eabjo both a normal load?,
and a tangential load) , as is shown ifrigure 2.8

Figure 2.8 Contact between non-conforming bodies, charanterby different general
profiles, subject to both constant normal lod®, and constant tangential load] .



26 Chapter 2

Firstly, the effect of the tangential force on siaed shape of the contact
surfaces, as well as on the distribution of norpraksure on such an area, needs to

be analysed. In order to ensure the equilibriune, distribution ql(x y) of
tangential load on surface 1 needs to be equalwhhtopposite direction, to the
distribution qz(x, y) of tangential load on surface 2:

(% y)=-c(x (2.21)

It is important to highlight that Boussinesq stsd{Boussinesq, 1885) allow to
affirm that the normal displacement on contactaeefis proportional, for each
body, to the valueG/1- v, where G represents the tangential elastic modulus.

Thus, by consideringquation (2.21)it can be written:

G - - _ G, -
1_2Vlel(X,y) 1_2V2U22(X,y) (2.22)

whereuz (x y) and uzz(x, y) represent the displacements of points lying on the
contact surface of body 1 and body 2, respectiveijie Poisson coefficientg

and v, and the tangential elastic mod@{ and G, are related to body 1 and body
2, respectively.

Equation (2.22hows that, if the two bodies in contact are ottarésed by the
same elastic properties, the tangential forcesinitted between them give rise to
normal displacements in body 1 that are equal ésehn body 2, with opposite
direction. Therefore, the size and shape of theam area is not affected by the
deformation of the surfaces. Consequently, suchraa does not depend on the
tangential loadQ , and is function of the normal lodé only.

On the other hand, if the two bodies are charagdrby different mechanical
properties, the normal pressure distributigp{,x), and the size and shape of the

contact surface are influenced by the presencéheftangential load. Such an
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influence was analysed by Bufler (Bufler, 1959),ondnalytically proved that the
presence of a tangential load causes both thénghdt centre and the increasing of
size of the contact surface. Nevertheless, sudhfluence is negligible for small
values of friction coefficient, typical of mechaali@pplications.

Therefore, in the following, the stresses and de&tion due to the normal
pressure are assumed to be independent of theestrand deformation due to the
tangential traction. In more detail, the superpasiprinciple is used in order to
define both stress and deformation fields.

As far as both a constant normal lo&d, and a constant tangential loa@, are

present, two cases may arise:

i) Total slip between the bodies, that is, the tarigerforce can be
determined as a function of the normal load, by meeaf the friction
coefficient f (Q=uP);

i) Partial slip between the bodies, that is, evenoifrelative motions arise,
additional stresses due to friction are inducedthte contact surface
(Q<uP).

In the present Ph.D. Thesis, contact problems imigbaslip conditions are
analysed, due to the fact that total slip is rarenbst of the structural components
affected by contact problems (Hills, 1994). Moregvas was highlighted by
Madge et al. (Madge, 2007) and Araujo (Araujo, 201he most significant
reduction of fatigue life occurs in partial slipghme.

Therefore, let us consider two bodies subject ¢orsstant normal load?, and
a constant tangential load), characterised by a partial slip regime, that is,
Q< uP (Figure 2.9.

As far as partial slip regime is concerned, attlease point laying on the
contact surface is not affected by relative motioMlore precisely, the contact
region consists of two areas: telip zone and thestick one. The first one is
characterised by a relative slip between the corgadaces, whereas the latter
presents a prefect adherence between the contafztcesy without relative
motions.

Let us consider two pointd; and T, reasonably distant from the contact

surface, with the corresponding displacemedys and J,,, and two pointsA
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and A, on the contact surface, with the correspondingldi®ments,ux and

uxz. The absolute displacemest in the x direction betweend and A, may

be expressed as follows:
=S~ Se =(_Ua —5)4) —(_l;kz —sz) =(_l;l1—_bk2) ~(04=0,) (2.23)

whereas the absolute displacemsptin the y direction may be expressed by:

5= 51~ 527 (W1=0y) (42 -0y)=( W wo)-(oy-0y) @29

Figure 2.9 Contact between non-conforming bodies, charanterby different general
profiles: deformation due to both constant nornead, P , and constant tangential
load, Q.
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In the case of point#y and A, located within the stick region, the absolute
displacementss, and s, are equal to zero and no relative motion arises.

ConsequentlyiEquations (2.23and(2.24)become:

axl —axz = 5)(1 - 5)(2 (2.256.)

Uyt = Uy2 =01~ 5y (2.25b)

It is possible to remark that all the points withire stick region undergo the
same displacement, regardless of the positioAjoénd A,. Moreover, if the two

bodies are characterised by the same value ofeetastiulus, they are subjected to
the same distribution of tangential load and thwys;onsideringequation (2.21)it
is possible to obtain:

Uxt = —Ux2 (2.26a)

Uyt =—Uy2 (2.26b)

Moreover, in order to assure that within the stiegion no slip arises between
the bodies, the contact shear distributiami,x, y), must undergo the following

condition:

la(x y)| <4 o % ) (2.27)

On the other hand, within the slip regions, whédielsetween bodies arises, the
conditions ofEquation (2.25)can not be applied, and the conditionEmfuation
(2.27)becomes:
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|q(>9 y)| :ﬂ| A >)| (2.28)

Moreover, as a consequence of the physical natfirdtneo phenomena, the
contact shear distribution needs to have a direajposite to that of the relative

slip between the bodies( % y). More precisely, the following condition holds:

3| (2.29)

Note thatEquations (2.25pnd (2.27) provide the boundary conditions for the
stick region, whereaBquations (2.28and(2.29) provide the boundary conditions
for the slip region. Since the distributions ofdtions and displacements that
satisfy such conditions are not known in advances, useful to start by assuming
that the stick region covers the whole contact.area

As far as two cylindrical bodies in contact alofgit longitudinal axes are
concerned, the half-widtha of the contact area and the contact pressure
distribution p(x) are determined through the Hertzian theory.

Firstly, let us assume that the value of the fictcoefficient is sufficiently high
to prevent relative slip throughout the whole centsurface, that isEquations
(2.38) hold for —a< x< a. In such a condition, each point on the contactase
experiences the same displacement and thus, asgdadthe theory of elastic half-
space, the loading distribution is characterisedhieyshape shown frigure 2.1Q
and its expressiois equal to:

Q

Tva? - x?

q(x) = (2.30)



Stress field due to fretting fatigue 31

Figure 2.10 Contact shear distributiong(X) , due to constant tangential displacements

at the interface of cylindrical bodies, subjecbtmth constant normal load? , and
constant tangential loadQ .

The contact shear distribution is highlighted todtdo infinite at the contact
edges k=zxa). However, such a condition is incompatible witie initial
hypothesis of total adherence, since it would neqai friction coefficient also
tending to infinite. As a consequence, relativessthould arise at the edges of the
contact zone, wherg(x) reaches high values, whereas adherence is expected
the inner region.

Now let us consider a partial slip condition, wille tangential load) equal to

MUP . The solution for such a case was firstly progobg Cattaneo (Cattaneo,

1938) and, independently, by Mindlin (Mindlin, 1949 The contact shear
distribution, g'(x) , may be expressed by means of the Hertzian theory:

q'(x)=yp(x)=%d £- % (2.31)
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Moreover, the tangential displacements duegqiex) may be determined in a

similar way to that used for the normal displacetmatue to an Hertzian contact
pressure distribution. More precisely, in the cakabsence of slip ik=0, itis
possible to obtain:

. EO W L (2.32a)

- (1"/22)/JI00X2

U'yp =—0'yp+ (2.32b)

ak,

As far as points within the zonec< x< c (Figure 2.11) are concerned, an
additional contribution,g"(x), to the contact shear distribution needs to bertak
into account:

q"(@:—”f:(’*/cz—% (2.33)

The tangential displacements duectt{x) are equal to:

(2.34a)

(2.34b)
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Figure 2.11 Contact shear distributiongy'(x) and q"(x), at the interface of

cylindrical bodies, subject to both constant noreald, P , and tangential loadQ .

Then, the resultant tangential displacementg, and ux2, are determined by
superposing the effects produceddfx) with those produced bg"(x) :

G)d_zalxl'l‘a"xl:dln_d")d:dxl (2.35a)
aX2 = EI‘X2+ anxz =-0' X2+ o" X2 = _5)(2 (235b)

By analysingequations (2.35)it can be noted that the displacements within the
region —C< X< c are constant. More precisely, by substituttggiations (2.35)n
Equation (2.25a)the condition of perfect adherence between tle durfaces is
satisfied. Moreover, the contact shear distributiosuch a region is equal to:
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a(x) =q'(x) +d"(x) :%(Jaz —x2 —+/c? —x2) (2.36)

Note that, sincee<a, q(x) is lower than the maximum valug;p(x) , related
to the slip condition. Therefore, the second comwlithat ensures the perfect
adherence between the bodies, represented tigqgumeion (2.27)is also satisfied.

On the other hand, as far as points within the zoﬂ{ax| < a are concerned, the
condition represented yquation (2.28¥or slip regions is automatically satisfied
when q'(x) is determined, as is reportediquation (2.31)

Then, in order to satisfy also the condition conoey the direction of
displacements, representedbguation (2.29)the displacement field produced by
an elliptical contact shear distribution is reqdireSuch displacementﬁm, have

been evaluated by Poritsky (Poritsky, 1950) andqasditatively plotted irFigure
2.12

\ clc \

| - |

| Yux |

| |

‘bodyl -0 |
P

Figure 2.12 Qualitative shape ofixa , G'xl and a")a displacement fields.
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The absolute slip between two points lying on tbatact surface is given by
Equation (2.23)

S, =(TJ>a—_ux2) -9y (2.37)

Note that the value ofix is lower than that of,, in each point of the slip
region Figure 2.12. In the same way, it is possible to demonstitade the value
of uxz is lower than that ob,, within the slip region. Therefore, by considering
Equation (2.37)it is possible to deduce that the absolute slipis negative and

thus its direction is opposite with respect to¢batact shear distribution.
Moreover, Johnson (Johnson, 1985) demonstrated ttheat contact shear
distribution qualitatively shown iRigure 2.13and given by:

Figure 2.13 Contact pressure distributiomp(X) , and contact shear distributiomgy(x),

at the interface of cylindrical bodies, subjecbmth constant normal load? , and
constant tangential loadQ .
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HPo [j2_,2 for c<[{< a

a

909 = HP 2_ 2 2_ 2
TO(\/a - X —\/c—xj for %< ¢

(2.38)

together with the contact pressure distributionisBas the boundary conditions
both within (-c< x< ¢) and outside ¢<| x| < a) the stick region.

Furthermore, the size of the stick region may berdg@ned by imposing the
equilibrium of tangential forces as follows:

a a Cc 2
Q=.[ o9 dx:j a3 dxrj o K dwu P@ u 2.39)

so that:

c=a /1—g (2.40)
HUP

It is important to highlight that, ad® is kept constant wherea® is
progressively increased, a slip region appearbeattiges of the contact surface
and progressively spreads inwards the contact afsaQ approaches the limit
value of slip @=uP), the stick region shrinks to a line € 0), and a further
increase of tangential load causes a total sliwéet the bodies.

The determination of stresses due to cylindricaitact in the presence of a
static tangential loadQ) , may be deduced by employing the results deteiainiye
McEwen (McEwen, 1949) for the case of normal loasl,is reported irSection
2.3.1 In more detail, because the contact shear loligion is directly proportional
to the contact pressure distribution by means @f fitiction coefficient, the
components of the stress tensor produced by a gjetagential loadQ in the

vicinity of the contact zone are given by (Johnsk885; Vantadori, 2017):
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ot o5
5= for x=0 (2.41a)
A5
for x<0
. ﬂ;{_n[”n‘:gw(”é;fjﬂ for x=0 e
(] e

where the function$, and N, are given by:

mf:%{\/(cz—xz+ Z) +4 % 2+( - %+ 2)} (2.42a)

C

2 :%MCZ X+ 2 44Xz é- d+ z)} (2.420)

Finally, the stress tensor may be determined bynsed the superposition

principle:

o =% +02 (2.43a)
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o,=05 +0% (2.43b)
_.P..Q

where g}, af and rfz represent the components of the stress tensotodae

constant normal load?, determined in Section 2.4.Eduations (2.19)

2.4.3 Cyclic tangential load in contact problems
In the previous Sections, the contact problem charsed by loads in static
regime has been analysed. On the other handjngetatigue is generally

characterized by cyclic tangential Ioac@,(t), that vary between two limiting

values,Qpax and Qpin, over time.

It is important to highlight that the contact shebstribution for cylindrical
contact, obtained in Section 2.4.2 and reporteignation (2.38)is limited to the
time instants corresponding to such limiting valud$ie analysis of contact shear

distribution in a general time instan@mn < Q(t) < Qmax, is thus of interest.

Therefore, the influence of a cyclic tangential car Q(t) = Quserf{w)

characterised by an amplitud@,, on both stress and displacement fields within

two bodies in contact is analysed in the presecati&e
Let us consider the time history showrFigure 2.14

Figure 2.14Time history of cyclic tangential loa€(t).
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Points A and D correspond td,,ox and Qi respectively. By starting from

point A, an infinitesimal decrease of tangential load ifpd8 in Figure 2.14
implies that the displacements variation over timeharacterised by an opposite
direction with respect to that in correspondencetimie instants of increasing
tangential load, and that means:

[a[ui(t)—uz(t)]J [a[ul(t)-Uz(t)]j

[a[ul(t):; Uz(t)]j - [a[ul( t):; by t)]j (2.44)

As a consequence, the condition represente@duation (2.28)is no longer
satisfied, and a perfect adherence arises on théewbntact surface.

Furthermore, an additional decrease of the tangeltthd (from pointB to
point C in Figure 2.19 gives rise to aeverse slipat the edges of the contact

surface cs| x|£ a). In such an area, the contact shear distribsiti@ported in

Equation (2.38)need to be changed in sign in order to satisfpation (2.29)
(Hills, 1994).
Let us consider two cylindrical bodies in contalcing their longitudinal axes,

subject to a constant normal lod&t, and a cyclic tangential Ioa@(t) (Figure

2.15.
It is possible to demonstrate (Johnson, 1985) éimatdditional contribution,

q"'(x, t), to the contact shear distribution reportecEgquation (2.38)has to be

taken into account in order to satisfy the boundannyditions:

q"(% =—2A;p° Je()? -2 (2.45)
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Figure 2.15 Contact between cylindrical bodies, subject tthlmnstant normalpP ,
and cyclic tangential loadQ(t) .

where c'(t) represents the instantaneous half-width of tlok s&gion. Therefore,

for a general time instant, the contact shearidigion is qualitatively shown in
Figure 2.16 andEquation (2.38pecomes:

_HPo a2 - x2
a

for c'(t)<|X<a

] 7 2o~

for c<|X<c'(t)

] 78 (- 2P 7]

for [x<c

a(x) = (2.46)

Moreover, C'(t) may be determined by imposing the equilibriumasfgential

forces, in a similar way to that reporteddquation (2.39)



Stress field due to fretting fatigue 41

c'(t) c'(t)
|

Figure 2.16 Qualitative contact shear distributioq(x, t) due to cyclic tangential
load, Q(t).

(1) = a 1 Quac= Q1Y)
c'(t)=a 1 2P (2.47)

Note that the value of the half-width of the stick region remains constant
during the whole cycle, and may be determined ksis:

c=a /1—& (2.48)
HUP

2.4.4 Cyclic bulk load in contact problems

Fretting fatigue occurs in presence of a cyclidiéar a cyclic stress), named bulk
load (or bulk stress), caused by an external scamdeapplied to at least one of the
two bodies in contact. The influence of such aloa the contact stress field
within two bodies in contact is analysed in thesprg Section.
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Let us consider two cylindrical bodies in contalcing their longitudinal axes,
subject to a constant normal load® and a cyclic tangential load

Q(t)=Q,ser{w}, varying according to the time history shownFigure 2.14
Moreover, a cyclic bulk stresgig (t) = 0 + 0 gsen(w1) , characterised by an

amplitudeog 5 and a mean valugp 1y, in phase withQ(t) , is applied to one of

the two bodies in contactigure 2.17).

P
‘body 2 Q) |
\ \
\ \
_ - X
® g
A
\ \
\ y \
| Yz |
}body 1 -~——Q() } o (1)
P

Figure 2.17 Contact between cylindrical bodies, subject tthimonstant normal load,
P, cyclic tangential loadQ(t), and cyclic bulk stress7g(t) .

By assuming a linear elastic behaviour, the stfieéd due to the cyclic bulk
stress may be taken into account by means of tipergosition principle.
Nevertheless, in the body where such a stresspkedp a deformation arises.
Such a deformation is not experienced by the dbloely and, consequently, the
deformation states of the two bodies at the costadaice are not conforming.

According to Hills and Nowell (Hills, 1994), thegsence ofog(t) promotes

an eccentricitye of the stick zone towards the contact trailingeadd\t the time
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instant for whichQ(t) attains its maximum value, the valueefcan be computed

by means of the following expression:

(o
e=a—= (2.49)
4pp,

Note that such an expression only holds in pastiglregime, that is, with small

values OfaB,a and, in particular, the following condition neddde satisfied:

Og.< 4,up0(1— /1—%} (2.50)

Moreover, at the time instants whe@(t) attains both its maximum and

minimum values, the contact shear distribution usligatively shown inFigure
2.18 andEquations (2.38and(2.46)become:

Figure 2.18 Qualitative contact shear distributioq(x, t) due to both cyclic tangential

load, Q(t) , and cyclic bulk stress7g (t) , when they attain their maximum values.
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HPo a2 — x2
a

for —as x<-c+e

for —c+e<s x< ct+ e

HPo 22
a

for c+e< x< a

q(x) = (2.51)

The contact shear distributiog(x, t) in a general time instant is qualitatively

shown inFigure 2.19 andEquation (2.51)may be generalised as follows:

_HPo /az_xz

a
for —a< x<-c'(t)+¢€(9

,upo{ - X —2\/ [x e( 9] }

for —c'(t)+e'(f)< x<-c+ e

a(0 = #po{ Va2 o3 -[x- o4+ & }

for —c+e< x< ct+ e

,upo{ - X —2\/ [x e( 9] }

for c+e< x< ¢( 9+ ¢()

_HPo /az_xz

a
for c'(t)+e'(t)< x< a

(2.52)
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Figure 2.19 Qualitative contact shear distributioq(x, t) due to both cyclic tangential

load, Q(t), and cyclic bulk stres7g (t) , at a general time instant.

being e'(t) the instantaneous eccentricity of the stick region

a
8Py

e'(t)= [UB,max_JB( t)] (2.53)

The stresses due to cylindrical contact in thegres of a cyclic tangential load
Q(t) and a cyclic bulk stresgg (t), in phase withQ(t) and applied to one of

the two bodies in contact, may be deduced by enmgaye results determined by
McEwen (McEwen, 1949) for the case of normal loasl,is reported irbection
2.4.1 In more detail, the components of the stressaiemroduced by a cyclic

tangential load, in the vicinity of the contact goat the time instant whe@(t)

attains its maximum value, are given by (Johns8851Vantadori, 2021):
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gt o]

o) = fo;:(i pui ey (2.54a)
SR =
for x<0

) e

ol
I

where the function$n, and n, are given by:

=Y

Q
NO
1

(2.54b)

:I for x<0

ol
+ |1
| No

mjz%{\/[cz-(x- 8%+ 424,4( x ¥ %+[ (% )é+ 2}} (2.55a)

n§=%{\/[02—(x— & + zf+4( x ¥ 2| B x )8+ %} (2.55b)

In Figure 2.2Q the stress component profiles due to frettingdilog in
correspondence of thez plane are shown, at the trailing edge of the atrgane
(that is x=a), due to the normal load-igure 2.20(a) and the tangential load
(Figure 2.20(b).
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Figure 2.20 Stress component profiles at the trailing edgthefcontact zonex= a),
due to: (a) constant normal loadR , and (b) cyclic tangential Ioad;)(t) .

Moreover, the direct contribution of the cyclic budtress to the stress field
consists of a normal stress component. In paaicthe expression of such a stress

component, at the time instant for which bo@(t) and og(t) attain their

maximum values, is given by:
U)?:UB,m"'UBa (2.56)

Finally, by superimposing the stress contributiong to the constant normal
load Equations (2.19) the cyclic tangential loadEquations (2.54)and the cyclic
bulk load Equation (2.56), the specimen stress tensor due to fretting Uatig
loading can be evaluated. In particular, at theetinstant in correspondence to the
maximum value of both bulk stress and tangentiaefpthe stress components turn

out to be:

oy = 0-)'(D + 0'8 + JE’ (2.57a)
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o,=05 +0% (2.57b)
Ty =T+ TS, (2.57¢)

It should be highlighted tha®y = I/(UX + UZ) due to plane strain condition.
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3

FORMULATION OF AN ADVANCED METHODOLOGY
FOR FRETTING FATIGUE ASSESSMENT

3.1 Introduction

The present Chapter deals with the description hef &dvanced analytical
methodology proposed in the present Ph.D. Thesifrdtting fatigue assessment
of structural components. In more detail, sucheth@dology may be employed in
order to evaluate both the initial crack path amel lifetime of metallic structures
under fretting fatigue elastic partial slip loadiognditions. Consequently, being
based on lineaelastic formulations, it could be easily applied poactical
situations in the industrial field.

Note that the above methodology has been origimathposed by Carpinteri et
al. (Carpinteri, 2019), and some applications available in the literature
(Vantadori, 2020a; Vantadori, 2020b; Vantadori, B@anichelli, 2020).

The proposed methodology falls in the categorytodssbased criticaplane
approach. In particular, the criterion by Carpingt al. (Carpinteri, 2011) for
metallic structures under multiaxial constant amplke fatigue loading in
high-cycle fatigue regime, originally proposed for pldetigue conditions and
subsequently developed for fatigue assessment obtbinotched, and welded
components characterised by higyctle fatigue regime (Carpinteri, 2015; Ronchei,
2016), is here extended to the case of frettinggdat The Carpinteri et al.
criterion is implemented in conjunction with theitieal Direction Method
proposed by Aradjo et al. (Araudjo, 2017), and thégsophy related to the theory
of the Ciritical Distance by Taylor (Taylor, 2008)also taken into account in the
procedure.

More precisely, the proposed advanced methodologgists of the following
steps:
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i) Firstly, the stress field used as input for thepGderi et al. criterion is
analytically evaluated by using both the clo$aen solution by Johnson
(Johnson, 1985), based on the formalisms by Helgztz, 1896), Cattaneo
(Cattaneo, 1938) and Mindlin (Mindlin, 1949), anccBiven (McEwen,
1949), and the closedrm solution by Nowell and Hills (Nowell, 1987).
Such an analytical formulation in the case of @jfical contact has been
detailed in Chapter 2;

i) Subsequently, the critical plane orientation isd®eined in accordance to
the Critical Direction Method proposed by Araljcaét

iii) Then, the verification point is determined by meahgoncepts taken by
the theory of the Critical Distance by Taylor;

iv) Finally, the fatigue life is evaluated by meanstioé Carpinteri et al.
criterion for fretting fatigue.

In the following Sections, both the Critical Dirext Method by Aradjo et al.,
the theory of the Critical Distance by Taylor ahé Carpinteri et al. criterion for
fretting fatigue are described, and the advancethadelogy proposed in the
present Ph.D. Thesis is detailed.

3.2 Critical Direction Method

The Critical Direction Method has been proposeddbgujo et al. (Araudjo, 2017)

in order to be employed in conjunction with anytical plane-based criterion, for
the estimation of the orientation of the crackiatibn plane, that is to say, the
orientation of the critical plane, in the case igfhstress gradient zones.

As is well-known, according to the critical plabased approach, the critical
plane is determined by examining the fatigue loatbly at a single material point,
named critical point. However, in the case of higghess gradient, typical of
fretting fatigue configurations, the choice of tiréical point is not straightforward
due to the variety of stress states in the prozess. Moreover, it would seem
more appropriate to analyse suitable quantitiesnsanizing the stress field at the
process zone instead of examining the fatigue lostdry related to a single point.
In fact, in such a condition the critical planetated to adjacent material points
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may be characterised by different orientations tuthe variety of stress state in
the process zone.

As a matter of fact, from a mechanical point ofwjieghe crack initiation
direction in a high stress gradient zone does epedd on the stress state in a
single point only, but it is controlled by an awggastress condition within a given
material volume (Araujo, 2002).

In such a condition, the critical plane orientatismietermined by maximising a
suitable quantity computed over a process zone.ch Sal process zone is
represented by a line in two-dimensional probleonsa(plane in three-dimensional
problems) characterised by a physical dimensionte that such an association to
a physical dimension is not typical of critical pdamethods, in which the critical
plane determination is limited to define its oregiun.

In such a way, the critical plane criteria shou&ddpplied as critical direction
models.

The implementation of the Critical Direction Methsthrts by considering a
line (with orientation &) emanating from the crack initiation poitd on the
material surfaceHigure 3.1). Analougsly to the philosophy of the theory bét
Critical Distance by TaylofTaylor, 2007) in the form of the Line Method, such
line has a length equal 2L .

Subsequently, the fatigue load histories of bothmab stress,o, and shear
stress, T, along such a line are computed by employing eitlre analytical
formulation or a numerical method. Then, both nleemal and the shear stresses
are averaged along the line, thus obtaining:

CRITICAL PLANE
r

Figure3.1 Implementation of the Critical Direction Methotbposed by Aradjo et al.
(Aragjo, 2017).
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7(6,t) =2—1Lja(r,9,t)dr (3.1a)
(6t =2—1Lj r(r,6.t)dr (3.1b)

Within a loading cycle, the fatigue stress fieldrag the above line is described
by means of the maximum and the minimum values ath lmormal and shear

stresses. Therefore, the averaged maximum vaﬂi;ngx(e), and amplitude,

7,(6), of the normal stress and the averaged amplitagd#]) , of the shear stress

during a loading cycle are given by:
T () =max{ 7(61)] (3.22)
5,(6)=2{max(6:1)]- mifo(61)]) 3.20)
r,(6)=2{max(7(64)]- mif 7 (61)] 3.20)

Finally, by means of the above quantities, the ehofatigue parameter is
computed for the specific orientation, accordinghi critical plane-based criterion
adopted.

Such a procedure is repeated by varying the otientad from 0° to 180°
(Figure 3.1) and, therefore, the critical plane is definedhas corresponding to the
orientation&,

crit

for which the above fatigue parameter is maximized
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3.3 Theory of the Critical Distance

In order to perform the fatigue assessment of alfietcomponent subject to
fretting fatigue, a non-local approach should bepleged in conjunction with a
multiaxial fatigue criterion. In particular, theses of non-local approaches allows
us to take into account the high stress gradiesgecto the contact surface, thus
leading to more accurate estimations in termsfefithe (Nowell, 1988; Amargier,
2010).

Among the non-local approaches available in therdiure, the Theory of the
Critical Distance proposed by Taylor (Taylor, 199%ylor, 2007) is the most
widespread, mainly because of its simplicity. Sachheory is based on concepts
related to the Linear Elastic Fracture Mechaniod @ontinuum Mechanics, and
has been originally proposed to deal with sharpngddes such as notches and
cracks, in order to take into account the highsstrgradient arising close to the
geometric discontinuities. Subsequently, the Theadrthe Critical Distance has
been successfully applied to fretting fatigue peats (Aradjo, 2007; Aradjo, 2008;
Fouvry, 2014).

According to the Theory of the Critical Distancdietfatigue damage in
correspondence of stress raisers is related toffactiee linear elastic stress
quantity, o, , which is assumed to be representative of the dachaone. Such a

damage zone is associated to a material lengthedhanitical distancel. .

The effective stress quantity may be computed flerdint ways. In particular,
for bi-dimensional analyses, three different apphes related to three different
domains can be employed:

i) Point Method;

i) Line Method;

iii) Area Method.

Let us consider an infinite notched plate as iswshan Figure 3.2. The
reference systent,d, with the origin O in correspondence of the apex of the
crack, is introduced. The plate is loaded by medresremote tensile loadingy .
Consequently, the maximum principal stregsin the vicinity of the notch may be

computed by means of the Linear Elastic Fracturehdeics Figure 3.2).
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Figure 3.2 Maximum principal stress profile in a bi-dimensib stress riser.

As far as the Point Method is concerned, the dffedtress quantity is assumed
to be equal to the value of the maximum principadss at a distance equal lig2

from the apex of the notch, that is:
o, =0,(0=0,r=L/2) (3.3)

A similar strategy can be used for fretting confagions, where the equality
expressed byquation (3.3)holds in a point located at a distanktg2 from the

contact edge along a line perpendicular to theambrsturface.
As far as the Line Method is concerned, the effectstress quantity is

computed by averaging the maximum principal sttgsto a distance equal &L
from the apex of the notch, that is:

1 2L
O :Ilal(ﬁzo,r)dr (3.4)
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A similar strategy can be used for fretting confagions, where the equality
expressed b¥quation (3.4)holds up to a distance equal 2b from the contact
edge along a line perpendicular to the contactserf

As far as the Area Method is concerned, the effecstress quantity is
computed by averaging the maximum principal stess a semi-circular area,
with the centre at the apex of the notch and ausaelgual toL, that is:

+77/2 L
O =% j Ial(e,r)rdrde (3.5)

-2 0

A similar strategy can be used for fretting confagions, where the semi-
circular area characterised by a radius equél e centred at the contact edge.

It is important to highlight that the applicatior the Theory of the Critical
Distance is strongly affected by the definitiontlé critical distancel.. Such a
distance has been defined as an intrinsic mateai@meter, and may be computed
in different ways. The following formulation based the Fracture Mechanics was
proposed by El-Haddad (El-Haddad, 1980):

2
L -1(—AK"‘“ j (3.6)

v/ Aaaf,_l

where AK, , is the threshold stress intensity factor rangelémg cracks, and
Ao, _, is the fatigue limit range for fully reversed nainpading.

By taking into account the Point Method, Castralet(Castro, 2009) showed
that the critical distance depends on the multldaidgue criterion considered, and
suggested to derive such a distance from the sestiliwo different fatigue tests:
one test on a smooth specimen, and another one awwacked specimen under
threshold condition.
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Recent works have also correlated the criticabdist to the number of loading
cycles to failure (Kouanga, 2018; Susmel, 2007).

Moreover, Taylor suggested that the critical diseashould be associated with
the material microstructure and that it could deetaequal to the average material
grain size. Such an assumption is also supporyedxperimental evidences in
which the critical distance is generally found te bf the same scale as the
microstructural parameters (Arasjo, 2002), and thierocrack path has been
observed to be affected by grain boundaries andtallggraphic orientations
(Araujo, 2017).

3.4 Carpinteri et al. criterion

The Carpinteri et al. criterion (Carpinteri, 20@arpinteri, 2011) is a multiaxial
fatigue criterion based on the concept of theaaitplane. Such a criterion has
been originally proposed for metallic structuredjsot to multiaxial constant
amplitude fatigue loading in higtycle fatigue regime, and it is formulated in
terms of stress.

The critical plane-based criteria are based oreftprimental observations of
both crack nucleation and propagation due to fatigading (Marquis, 2003). In
particular, three stages may be distinguished énfaltigue fracture process: crack
initiation, crack propagation, and final failure (i, 2013).

The crack initiation stage is characterised byvarsible sub-microscopic
changes, named dislocations, caused by cyclic isigeBorces. As cyclic loading
continues to be applied, such shearing forces pmdudislocation slipping inside
the crystal, commonly along a plane oriented atwWhh respect to the loading.
Such a plane is nameatack initiation plane Moreover, as such dislocations
become more pervasive, thus involving differentstads, the coalescence of more
microscopic cracks in a macroscopic crack may occur

Subsequently, during the crack propagation stémgectack orientation changes
from 45° to 90° with respect to the maximum prirdistress direction (i.e.
direction of the applied loading), and such a craakpagation occurs in a plane
namedfinal fracture plane Finally, the failure stage occurs because ofctloss-
section reduction due to the fatigue crack propagat
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According to such experimental evidences, the @é&piet al. criterion allows
to take into account both the crack initiation gajcharacterised by a Mode Il
fracture behaviour) and the final fracture plarneafecterised by a Mode | fracture
behaviour) in the determination of the criticaln@eorientation. In particular, such
a criterion assumes: (a) as crack initiation planglane whose orientation is linked
to that of the final fracture plane through a fimatthat takes into account the
fatigue material properties (that is, the fatigumits under fully reversed normal
and shear stress); (b) as final fracture plandamepwhose orientation is linked to
averaged principal stress directions.

According to the critical plane approach, the fatigassessment of a structural
component consists of two steps: Step | deals with determination of the
orientation of the critical plane; Step Il dealglwihe fatigue failure assessment,
carried out in such a plane. In more details, fltegue life is evaluated by
employing an equivalent stress amplitude obtainftdr ahe reduction of the
multiaxial stress state to an equivalent uniaxra.o

3.4.1 Step |: determination of thecritical plane orientation
Let us consider a generic poirR,, of a metallic structural component and a fixed

reference systenXYZ with the origin in such a point. The stress tens(r) in

P at a generic time instant, of the fatigue load history0<t<T , whereT is
the period of the loading cycle) is:

o(t)=| ra () 0,(1) 7,01 @)

In correspondence of such an instant, the pringpasse, (t), o,(t), and
g,(t) (with o,(t)=0,(t)=0,(t)) and the corresponding principal directichs
2, and 3 can be computed. Such principal directions aigquaty identified by
means of the principal Euler anglegt), 6(t), and ¢/(t) (with 0<g(t)< 27,
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0<é(t)<m, and 0<y(t)<2m), which represent three subsequent rotations
around theZ, Y', and1 axes, respectivelyF{gure 3.3). Note that the limits
0<6(t)<m2, and -m/2<sy(t)<m/2 need to be introduced in order to
determine the principal Euler angles (Carpinte999).

Figure 3.3 Definition of the principal stress directiods 2, and 3 by means of the
principal Euler anglesp, @, and ¢/ with respect to the fixed reference syst¥imz.

The principal stresses are generally time-varyingden fatigue loading.
Therefore, Carpinteri et al. (Carpinteri, 2011) pwsed to compute the averaged
values of the principal stresses within a loadiggles identified byd,, J,, and

0,. The corresponding averaged principal stresctifires 1, 2, and 3 may be

identified by means of the averaged principal Eahglesé, o, andy .

In more details, the principal Euler angles arerayed by means of a weight
function:

W(t)=h[ 0, (1)~ T, ] (3.7)

where h[ o, (t)-0,,,,] is the Heaviside step function, whichtifx] =1 if x=0
and h[x] =0 if x<0.

In more detail, such a weight function works sot ttiee averaged principal
Euler angles and, consequently, the averaged pahstress directions correspond
to those at the time instant when the maximum ppaicstress attains its peak
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value, g, within a loading cycle. More precisely, the aged principal Euler

,max?

angles are given by:

~ 1%
o= AW (D) (3.82)
A_iT
H-Wle(t)w(t) dt (3.8b)
S 1%
o= Jew() (3.8¢)
0
where
.
W= [w( 9 dt (3.9)
0

According to the Carpinteri et al. criterion (Cangiri, 2000; Carpinteri, 2002),
the normal to the final fracture plane is assunteddincide with thei-direction,

identified by the mean Euler anglés and 8. Moreover, the normal to the

crack initiation plane is assumed to be linkedh® abovel -direction through the
off-angle, , given by the following empirical expression:

2
5=§ 1-| L | | e (3.10)
2 Jaf,—l

whereo, , andr, _, are the fatigue limits under fully reversed norisiaéss and

shear stress, respectively, at the reference nuipef loading cycles.
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Such a rotatiorY is generally performed in thE3 plane, froml to 3. Note
that, as far as bi-dimensional problems are comckrsuch a rotation has a
physical meaning when it is performed in the plaoataining the stress tensor
components, i.e. in thi3 plane wheng, is equal to zero, or in thi2 plane when
g, is equal to zero.

In accordance to experimental observations (Brd@73), the off-angled is
equal to0° when the ratio between the fatigue limitg _, /o, _, is equal tol

(typical value in the case of hard metals), wheiessequal to45° when the ratio
between the fatigue limits,, , /o, _, is equal to]/\/é (typical value in the case

of borderline mild/hard metals). Therefore, thi#icl plane tends to coincide with
the final fracture plane in hard metals, for whitle Mode | is the predominant
failure mode, and with the crack initiation plar@ fild metals, for which the
Mode Il is the predominant failure mode. Accorditigthe Carpinteri et al.
criterion, the critical plane coincides with thendoant failure plane.

3.4.2 Step I1: fatigue failur e assessment
The second step deals with the computation of titess components acting on the
critical plane at pointP of the metallic structural component. In partiullet us
consider a local reference systemww (centred inP), in which w is the normal to
the critical plane, whereas is determined by the intersection between thécatit
plane with the plane containing both the versorand the axesZ, and v is
perpendicular tau , bothu and v laying on the critical pland={gure 3.4).

The stress vector at the generic time instacan be deduced from the stress
tensor as follows:

S, (t)=o(t) v (3.11)

Then, a normal stress component perpendiculardatitical plane,N (t) and

a shear stress component lying on the criticaleplﬁ)(t), may be computed at the

generic time instant :
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-

Critical
plane

-

Figure 3.4 Stress components acting on the critical plaréerred to the local reference

systemuvw.
N(t)=[wB,(t)]w (3.12a)
C(t)=S,(t)-N(t) (3.12a)

In the case of constant amplitude multiaxial cydbeding, bothN(t) and

C(t) are periodic functions. In more detail, the ndrrefiess component is
characterised by a fixed direction with respedirtee and, hence, its modulus is:

N(t)=wDB,(t)=wt(t)Ov (3.13)

Moreover, both the mean valué_ and the amplitudeV, are easily evaluated:

N, :%{ max w I (t) |3W:|+orsrt1<iT WW(t)WVJ} (3.14a)
N, :%{ mao{ w [ (t) Bv ] - min{w r(t) ow | (3.14b)
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On the other hand, the shear stress component dyirthe critical plane has a
time-varying direction. In particular, during the fatigy load history, the vector

C(t) describes a closed path, on the critical plane. A closed-form equation of

> is available for simple load history only. As &8 a more complex load history
is concerned, a polygonal path,;, consisting ofn vertexes may be used as an
approximation of the real path, so thiam ' =2 (Carpinteri, 2014).

Different methods available in the literature (Segn2009) may be used in
order to determine the shear stress component. ngrtitem, the Longest Chord
method (Lemaitre, 1990), the Longest Projectionhmet(Grubisic, 1976), and the
Minimum Bounding Circle method (Papadopoulos, 1928 worth noting.
Nevertheless, such methods are not able to unigeetypute the shear stress
components in some cases. Moreover, they leajtodomputational costs when
complex load histories are investigated.

The shear stress component may be uniquely compwedieans of the
Maximum Rectangular Hull (MRH) method, recently posed by Araujo et al.
(Mamiya, 2002; Mamiya, 2009; Araudjo, 2011). Sucmathod, implemented in
the Carpinteri et al. criterion (Carpinteri, 201Garpinteri, 2014), works by
bordering the closed path by means of different rectangles, each charaetéris
by an orientation@, with respect to the reference systamv (Figure 3.5).

The componentsC, and C, of the shear stress vector along and v

directions, respectively, can be computed throhghMRH method.

Critical plane

Figure3.5 Closed path> of the shear stress component bordered by meamge@ifieric
rectangle, according to the Maximum Rectangularlirhdthod (Carpinteri, 2013).



Formulation of an advanced methodology for fretfimiigue assessment 69

Moreover, the amplitudes of such components coora$o the half sides of
the rectangle and, consequently, are determinéallas:

Cu,a(9)=%{gg§g< c,(te)]- mif c,(t0)]} (3.150)
Cv,a(9)=%{gg§g< c,(t0)]- min c,(te)]} (3.15b)

Then, the amplitud€, of the shear stress component is given by:

C, = max \/[CU,B(Q)]2 +|:CVM,31(@)]2 (3.16)

0°<0<9C¢

The fatigue failure assessment is carried out mefgrto the critical plane, by

comparing the following equivalent uniaxial stressiplitude, o, ,, with the
fatigue limit under fully reversed normal stress:
r 2
o. . =[N3 +( af"lJ C:=0 (3.17)
eq,a eqa o a af-1
af -1
being
j— Nm
Nega= Nt 0| — (3.18)
UU

where g, is the material ultimate tensile strength. Notattim the case the value
of o, is not available, the yield stress might be usatemd of the ultimate tensile

strength, especially in the case of mild metals.
Equation (3.18onsiders the linear relationship betwedgnand N, proposed

by Goodman (Goodman, 1899), which allows us to take account the strength
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decrease due to the simultaneous presence of iletemean normal stress and an
alternating normal stress. TheN,, should be conservatively assumed to be equal

to zero in the case of a compressive mean normedsst Nevertheless, according
to Stephens et al. (Stephens, 2000) the Goodmanssipn can be extrapolated for
negative mean stress, if the stress level is bbrteatyielding stress value of the
material. Therefore, in order to take into accdbmetbeneficial effect produced by
the compressive residual stress field on fatigée, IN,, is considered in the

computation ofN,, , even in the case of negative value of mean nostneds.
For the finite fatigue life evaluation, the finitée fatigue strengthsg';s _; and
T'at -1, Proposed by Basquin (Basquin, 1910) are emplaystead of the fatigue

limits under fully reversed normal and shear logdiespectively:

. N, )"
Uaf,—l = Jaf -1 W (319&)
0
. N, )"
Taf,—l = Taf -1 N_ (319b)
0

where Ng is the reference number of loading cycles (geherbl, :2EL06) for
the material fatigue limits under fully reversedmal and shear loadingz,; _;
and 74 _,, respectively, wherea® and m* are the slopes of the S-N curve under

fully reversed normal and shear loading, respelgtive
Finally, fatigue life is evaluated by means of &erative procedure. More

precisely, the number of loading cycles to failub&; ., , is computed by solving

the following expression obtained by replaciBguation (3.18)and Equations
(3.19)into Equation (3.17)

N 2 o 2 N 2m N 2m* N m
Na+ O,af . “m + af -1 f cal 0 C; — O,af ) f,cal (320)
' au Taf,—l NO Nf ,cal ’ NO
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3.5 Advanced methodology: description

The present Section deals with the descriptiomefrhethodology proposed in the
present PhD Thesis for fretting fatigue assessm8aoth a methodology allows us
to determine both the crack initiation directiordahe fatigue life of a metallic
structural component subject to fretting fatigue.

The flowchart of such a methodology is showirigure 3.6, whereas the main
steps are hereafter summarised.

Let us consider the typical fretting fatigue configtion already shown in
Figure 2.3 (see Section 2.4 of the present PhD Thesis), wvavefretting pads,
which may be characterised by either sphericalyindrical shape, are pushed
against a dog-bone specimen in partial slip regirhenormal constant forcep,
and a cyclic tangential forcé€)(t), are applied to the pads, whereas the specimen

experiences a cyclic axial bulk stresgs (t) , which is in-phase witl)(t) .

Three categories of input data need to be set oleroto employ the
methodology proposed in the present PhD Thesish $put data are related to
geometrical sizes, material properties, and loadorglitions.

Related to the first category, the sizes of bottispand specimen are needed:
radius of the pad<R, and thickness and width of the specimen.

The parameters belonging to the second categotphamechanical and fatigue
properties and the average grain size of the naditetn more detail, the elastic
modulus E , the Poisson coefficient , the coefficient of frictiony, the ultimate

tensile strengthoy,, the fatigue limits under fully reversed normatiesiear stress,
O, -1 and T4 9, respectively, the slopesi and m* of the SN curves under

fully reversed normal and shear stress, respegtiaed the average grain side
Moreover, the loading conditions to be set arentinal constant loadP, the
amplitude Q, of the cyclic tangential load, and both amplitudg ; and mean

stressop , of the cyclic bulk stress applied to the specimen.

Firstly, the stress field in the vicinity of the ntact zone is computed as is
described in Section 2.4, by means of the closed-fsolutions proposed by
Johnson (Johnson, 1985) and by Nowell and Hillswidlh 1987) for the case of
fretting fatigue elastic partial slip loading cotiain.
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Input data set:
geometric sizes,
material properties,
loading conditions

N7

Stressfidd computation

N7

Hot-spot determination

. H o =
H: g, - Q%Xa{ a—l‘max(x)}

lmax

Computation of N, ,(6)
by means oEquation (3.21)

N7

0=0+A08

YES

-90° <6< 90

NO

Determination of critical plane orientation
gcrit : Neq,a(gcrit) = _gcrggt)go,li Neq a(g)jl
\Z
Estimation of N¢ .o in P, (2d,6,;)
by means oEquations (3.24and(3.25)

Figure 3.6 Flowchart of the methodology proposed in the ené$hD Thesis for the
fretting fatigue assessment of metallic struct@@hponents.
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Note that such an analytical formulation has bemplemented within the
methodology proposed in the present PhD Thesisgsiuch a methodology has
been verified by taking into account experimentatting fatigue tests in partial
slip conditions.

Once the stress field is evaluated, the hot-dipots looked for on the contact
surface, that is;a< x< a, wherea is the semi-width of the contact aréadure
3.7). The hot-spot is assumed to be the point wheeentaximum value of the
average maximum principal stress is attained. NuwdeH is generally found to
be at the contact trailing edge, thatxs; a.

Subsequently, the critical plane orientation is potad by exploiting the
Critical Direction Method proposed by Araujo et ghradjo, 2017) described in
Section 3.2. According to the Critical DirectioneMod, material planes having
length equal to twice the critical distance, ttgtdL, starting from the hot-spot,
H, and characterised by different orientations atanmeéned. Subsequently, a
suitable fatigue parameter is computed for eacthefaforementioned material
planes. According to the methodology proposedha fgresent PhD Thesis, the

equivalent stress amplitudel defined according to the Carpinteri et al.

ega’

criterion (Carpinteri, 2001; Carpinteri, 2011)ta&en as such a parameter.

Q(t) 4—1—

PAD P
‘ a

é H X

SPECIMEN R
r
Z

Figure 3.7 Hot-spot,H , critical plane and verification pointP,, , according to the

rit

methodology proposed in the present PhD Thesithéofretting fatigue assessment of
metallic structural components.
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The critical distancel is assumed to be equal to the average material gra
size,d, in order to relate such a length to the mateniakostructure.

Moreover, the orientation of each material plan@éntified by means of the
angle @ (-90°<8<90), defined as a clock-wise angle starting from kine
perpendicular to the contact surfaéegure 3.7). Therefore, as far as the hot-spot
is located at the contact trailing edge, the anfleassumes either positive or
negative values for material planes inside or detsine contact zone, respectively.

A suitable value of the angular incremed, needs to be set (for instance,
Af@=1° may be assumed). The procedure starts by anglylsermaterial plane
corresponding to the initial valu#=-90°. The equivalent stress amplitude,

Neqya(H) , acting on the corresponding material plane alade@ to a segment with

length equal td2d , is evaluated by means of the Carpinteri et &eron:

Neq.o (€)= N,(6) + Uaf,—l( N, (Q)J (3.21)

where N, (6) and N, (6) are the amplitude and the mean value of the normal

stress component perpendicular to the materialeplameraged along the above
material plane up to a length equalZad:

2d

N, (6) =2_1d [ N, (r,6) ar (3.222)
0

_ 1 2d

N, (6) =%I N,(r,6) dr (3.22b)

0

Note that the values of botiN,(r,6) and N, (r,d) are computed by

considering the critical plane orientation as fiXedual tod). This means that the
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procedure described in Section 3.4.1 for deterrgitive critical plane orientation
through the off-angled is not employed in the proposed methodology.

Then, a new material plane is taken into accountiffigating the value of the
angle, §=6+Af8. Such a procedure is iterated for all the mdtepianes
belonging to the specimen halpace, that means undl is equal to90° .

The material plane orientatior

..« » that produces the maximum value of the
equivalent stress amplitude is referred to as thiea plane and, accordingly, as

the crack initiation plane:

Neq,a(gcrit) = _max |:Neq a(e):l (3-23)

-90°<6<90

Then, in accordance to the philosophy of the Thadryhe Critical Distance
proposed by Taylor (Taylor, 1999; Taylor, 2007)omdler to take into account the
high stress gradient close to the contact surftheefretting fatigue assessment is
performed in a certain point away from the hot-sgatmore detail, the position of
the critical point,P,, , where to perform the fretting fatigue assessiseassumed

to be located at the end of the segment startimg fH , with length equal t®2d
and direction defined by the angle, (Figure3.7).

Note that, according to the methodology proposethépresent PhD Thesis,
the length of the above segment is related to tleeage material grain sizel .
Such an assumption is supported by both the asmmspof the Theory of the
Critical Distance by Taylor and experimental evidesy as has already been
discussed in Section 3.3.

Finally, the fatigue life N o5 is estimated througtEquation (3.20) by

employing the values of the stress components gaiinthe critical plane at the
critical point: N, (2d,6,,), N, (2d,6,;), andC,(2d,6,

Cl Cl

++) (note that such values

are computed by considering the critical planertgtgon to be equal t@, . , that

crit 1

is, the procedure in Section 3.4.1 to determinecthigal plane orientation through
the oftangled is not applied):
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\/[ N, 2(2.0,,) T+ (:j{ Nl\fl,:al jzm[ NWJ [c (2d,6,,)] =

(3.24)

where

g,

u

2d ecnt
eq a(2d HCI’II) (2d Hcrlt) l(QJ (325)

Therefore, the methodology proposed in the preBabt Thesis for the fretting
fatigue assessment of metallic structural companalhdws us:
i) to estimate the crack initiation direction (assunmmincident with the
orientation of the critical plane) by meansmfuation (3.23)

i) to estimate the number of loading cycles to failbyemeans ofEquation
(3.24)
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A

VALIDATION OF THE ADVANCED METHODOLOGY
PROPOSED FOR FRETTING FATIGUE ASSESSMENT

4.1 Introduction

The present Chapter deals with the validation & #mnalytical methodology
proposed in the present Ph.D. Thesis for frettatigfie assessment of structural
components. In particular, the multiaxial fatigeréerion proposed by Carpinteri
et al. (Carpinteri, 2011) and the Critical Directimethod proposed by Araujo et al.
(Aradjo, 2017) are implemented in such a methodol@hat is described in
Chapter 3), and the philosophy related to the thedrthe Critical Distance by
Taylor (Taylor, 2007) is also taken into account.

The fretting behaviour of metallic components unttetting fatigue elastic
partial slip loading conditions is assessed.

Experimental campaigns available in the literatetearacterised by either
cylindrical or spherical contact configurations &eamined. In more detail, the
fretting fatigue tests analysed involve the appiacaof the fretting loads by means
of two pads, characterised by either cylindrical spherical profile, which are
clamped to a flat specimen.

Experimental tests carried out under either frgttfatigue or fretting wear
loading conditions are taken into account. Momcgely, as far as fretting fatigue
loading conditions are concerned, a constant notozal and a cyclic tangential
load are applied to the pads. On the other hamdaraas fretting wear loading
conditions are concerned, a constant normal load ancyclic tangential
displacement are applied to the pads.

The stress field within the specimen is determibgdneans of the closed-form
solution by Johnson (Johnson, 1985), based ondimeafisms by Hertz (Hertz,
1896), Cattaneo (Cattaneo, 1938) and Mindlin (MindiL949), and McEwen
(McEwen, 1949), together with the closed-form golutby Nowell and Hills
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(Nowell, 1987). Such an analytical formulatiortive case of cylindrical contact is
detailed in Section 2.4 of the present Ph.D. Thesis

The accuracy of the proposed methodology is veribg taking into account
eight different materials: four aluminium alloysneo titanium alloy, and three
steels.

It can be highlighted that, in some cases shotguespecimens have been
tested. In particular, such specimens have beatett before the fretting test, in
order to investigate the influence of such a serfaeatment on the fretting
behaviour of the structural component.

Shot peening is a cold process consisting in kijttive surface to be treated with
a jet of well-defined shots. The main beneficifleet of shots impact is
represented by a compressive residual stress figlited to a material surface
layer of the order of 0.1+0.5 mm (Vantadori, 202N evertheless, it should be
highlighted that the superficial compressive stretsde is not stable, but it may
evolve. Such a phenomenon, known as residualsstedgxation (Schulze, 2006;
Wagner, 2003), is considered as one of the maintziieks of shot peening.

Residual stresses may be experimentally measurechdans of the X-Ray
Diffraction method or the Blind Hole Drilling mettpthe latter being a destructive
test. It can be remarked that shot peening praduesidual stresses along both
longitudinal and transversal specimen directions, the values of such stresses are
comparable to each other, whereas the values tifealbther stress components are
negligible (Araujo, 2009).

The stress state within a shot-peened specimerbmapmputed by taking into
account both the relaxed residual stress field ted stress field produced by
fretting fatigue loading. Such two contributiongyrbe independently evaluated
and then combined according to the superpositiortipte, since residual stresses
affect the stress field acting on the mean valudoogitudinal and transversal
components of the stress tensor.

In Sections from 4.2 to 4.9, the theoretical reswolbtained in terms of both
crack path orientation and fatigue life are desaiband compared to the
experimental ones available in the literature. &bwer, the accuracy of the
criterion in terms of fatigue life estimations isagtified by means of the root mean
square error method. Such an eriigyy,s, is computed as follows:
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Trws =107 (4.1)
being
™S 109% (Neyo/ N ca).
Erms = \/Zl_l (n . Cal), (4.2)
S

where ng is the total number of specimens of the considesesies. Note that
Trus =1 represents a perfect correlation between expetaheand estimated

values.

4.2 Al 2024-T 351 aluminium alloy

The experimental campaign carried out by Szolwireshkd Farris (Szolwinski,
1998) has been analysed through the proposed nwtigyd Such an experimental
campaign is detailed in Section 4.2.1, whereasébalts obtained by employing
the proposed methodology are discussed in Sectibl.4

4.2.1 Experimental campaign
Thirty-seven flat dog-bone test specimens (namedisgens from T1 to T37 in the

following) made of Al 2024-T351 alloy were testedhe mechanical and fatigue
properties are listed ihable 4.1 (Szolwinski, 1998).

Table 4.1 Mechanical and fatigue properties of Al 2024-T38aya(Szolwinski, 1998).

MATERIAL E v oy Oap M Targ M- No
[GPa] [MPa] [MPa] [MPa] [cycles]

Al 2024-T351 74 0.33 465 218 -0.08 126 -0.08 2-10
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The averaged grain sizel is equal to 40um (Li, 2019), whereas the
coefficient of friction ¢ within the contact zone is equal to 0.65 (Szolwinsk

1998).

The experimental tests were carried out in pasig regime by using two
cylindrical pads (made of the same material of ghecimens). Note that three
different values of the pad radius were used,ithaR equal to 127 mm, 178 mm,
and 229 mm, respectively. A constant normal |éa@nd a cyclic tangential load
Q(t) (characterised by a loading rati®=-1) were applied to the pads.

Moreover, the specimen experienced a cyclic bubbssiog (t) (characterised by a
loading ratioR=-1), which was in-phase witR(t) .

The pad radius, the loading parameters (normal BadmplitudeQ, of the
cyclic tangential load, and amplitudeg , of the cyclic bulk stress) and the
corresponding experimental fretting fatigue lifé¢ ¢, are listed irTable 4.2 for

each tested specimen.

Table 4.2 Pad radiusR, loading parameters (normal lod&tl, amplitudeQ, of the cyclic

tangential load, amplituderg , of the cyclic bulk stress), estimated crack patentation
Gal , experimental and estimated fretting fatigue (il ¢, and N¢ ¢, , respectively),

for specimens No. T1-T36.

TEST No. R P Q OBa  Ga Niexp Nt cal m
[mMm]  [N/mm] [N/mm] [MPa] [°] [cycles] [cycles] Nt cal
T1 121 384 134 101 4 241016 314611 0.77
T2 121 497 154 110 4 217061 236445 0.92
T3 127 385 108 85 5 422000 1316663 0.32
T4 127 410 213 116 4 465000 106999 4.35
T5 127 423 148 88 5 563946 553733 1.02
T6 127 427 132 110 4 241475 339815 0.71
T7 127 430 142 97 4 311516 450683 0.69
T8 127 489 171 109 4 302804 205269 1.48
T9 127 490 113 85 5 668277 1188410 0.56
T10 127 494 178 98 4 464166 260476 1.78
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T11 127 557 150 109 4 253883 269926 0.94
T12 127 560 151 85 5 381535 590168 0.65
T13 127 569 176 102 5 545489 240020 2.27
T14 127 569 176 102 5 337934 240020 1.41
T15 127 595 131 110 5 314000 336676 0.93
T16 178 418 159 86 4 582922 745793 0.78
T17 178 419 151 97 4 459882 558239 0.82
T18 178 421 160 111 4 330695 326479 1.01
T19 178 486 131 85 4 621442 1140104 0.55
T20 178 493 133 100 4 433780 624223 0.69
T21 178 494 133 100 4 349520 623309 0.56
T22 178 509 173 106 4 225535 311753 0.72
T23 178 551 187 113 4 455759 216657 2.10
T24 178 558 117 85 4 665073 1360706 0.49
T25 178 558 117 85 4 749093 1360706 0.55
T26 178 571 177 99 4 552250 365069 1.51
T27 229 417 129 81 4 867330 1792186 0.48
T28 229 419 109 83 4 768364 2230689 0.34
T29 229 427 158 113 3 249574 397615 0.63
T30 229 429 185 112 3 238000 319864 0.74
T31 229 487 161 111 3 479540 399302 1.20
T32 229 490 157 97 4 739250 665561 1.11
T33 229 494 158 85 4 856524 1000289 0.86
T34 229 551 187 110 3 320864 313487 1.02
T35 229 557 134 82 4 747135 1536121 0.49
T36 229 557 139 82 4 729715 1425722 0.51
T37 229 563 135 98 4 463324 791507 0.59
4.2.2 Results

The experimental campaign described in Sectiorias been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concertieel anglesg.,, estimated by

means of the proposed methodology range from 3° tdepending on the fretting
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loading conditionsable 4.2). More precisely, the theoretical crack nucleates
the contact trailing edge, and is characterizedahyirection inward the contact
region.

No data in terms of experimental crack path ardéatla for the tests examined.
However, an additional specimen subjected to frgttoading conditions equal to
those used in test No. T22 was tested in ordekperémentally analyse the crack
initiation path. The experimental crack orientatiof such an additional test is
compared to the corresponding analytical on&igure 4.1. It can be observed
that the experimental crack nucleated at the comtaiing edge and grew inward
the contact region, in accordance with the theometistimation. However, further
comparisons with the theoretical results are qdifiecult since, in accordance to
the proposed methodology, the critical plane oo is estimated by taking into
account a process zone characterised by a fixedesjmal to twice the averaged
grain size of the material.

100 microns. - .

Figure4.1 Experimental crack path (Szolwinski, 1998) arebtietical crack orientation (dashed-
red line) for fretting fatigue configuration of tddo. T22.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metlggak listed inTable 4.2 for
each specimen, together with the rahig ,exp/N f cal- Moreover, a comparison

between experimental and estimated fatigue lifshiswn inFigure 4.2 for each
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test analysed. Note that the dashed lines connelsmanyexp/N f cal €qual to 0.5

and 2, thus defining the scatter band 2.
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Figure 4.2 Experimental fatigue life vs estimated fatigdie for each test analysed.

It can be observed that 78% of the results falhiwithe scatter band 2, and
95% of the results fall within the scatter bandTerefore, the estimations seem to
be quite satisfactory.

In more detail, the proposed methodology providesservative estimations for
one-third of the resultsT@ble 4.2). Moreover, the accuracy of the criterion is
verified by means of the root mean square errothatetthe value offjys is

equal to 1.75, which highlights a quite good accyiaf the criterion employed.

In conclusion, it can be stated that the estimatedk paths reproduce the
experimental ones with good agreement for Al 203%1T alloy, and satisfactory
predictions in terms of fretting fatigue life areopided by the methodology
proposed in the present Ph.D. Thesis.
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4.3 Al 7050-T 7451 aluminium alloy

The experimental campaigns carried out by Rosdira. §Rossino, 2009) and by
Almeida et al. (Almeida, 2020) have been analysgdmieans of the proposed
methodology. The experimental campaign carried byt Rossino et al.
(experimental campaign 1 in the following) is die@diin Section 4.3.1, whereas
the results obtained by employing the proposed odetlogy are discussed in
Section 4.3.2. The experimental campaign carrietl loy Almeida et al.
(experimental campaign 2 in the following) is dietdiin Section 4.3.3, whereas
the results obtained by employing the proposed odkeflogy are discussed in
Section 4.3.4.

4.3.1 Experimental campaign 1

Ten flat dog-bone test specimens (named specimems T1 to T10 in the
following) made of Al 7050-T7451 alloy were testefihe mechanical and fatigue
properties are listed ifiable 4.3 (Chen, 2012; Rossino, 2009).

Table 4.3 Mechanical and fatigue properties of Al 7050-T 748y (Chen, 2012; Rossino,
2009), tested by Rossino et al. (Rossino, 2009).

MATERIAL E v o Ogr 1 M a1 M No
[GPa] [MPa] [MPa] [MPa] [cycles]

Al 7050-T7451 734 0.33 513 301 -0.05 127 -0.08 02-1

The averaged grain sizd is equal to5#m (Rossino, 2009), whereas the
coefficient of friction & within the contact zone is equal to 0.54 (Rossk@9)9).

The experimental tests were carried out in padigl regime by using two
cylindrical pads (made of the same material ofghecimens), characterised by a
radius R equal to 70 mm. A constant normal loRdand a cyclic tangential load
Q(t) (characterised by a loading rati®=-1) were applied to the pads.

Moreover, the specimen experienced a cyclic bullesstog(t), which was

characterised by a pulsation equal to thaf)ff) and a phase shift of 180° with
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respect toQ(t) . Different mean valuesyg ,, of bulk stress were considered in the

tests. Note that the mean bulk stress was apfgitite specimen before clamping
the pads, in order to avoid the influence of sucmean stress on the contact
solution.

The loading parameters (normal lo&d amplitudeQ, of the cyclic tangential

load, and amplituderg , and mean valuerg ,, of the cyclic bulk stress) and the

corresponding experimental fretting fatigue lifg ¢, are listed inTable 4.4 for

each tested specimen. Note that run-out was rddohéests No. T9 and No. T10.

Table 4.4 Loading parameters (normal lodtl, amplitudeQ, of the cyclic tangential load,

amplitude o , and mean valueg ,, of the cyclic bulk stress), estimated crack path
orientation &, , experimental and estimated fretting fatigue i, e, and N¢ ¢4,

respectively, for each specimen tested by Rosginb €Rossino, 2009).

TEST No. P Qa Oga 98m Ga Nfexp Nt cal M
[N/mm] [N/mm] [MPa] [MPa] [°] [cycles] [cycles] Nt cal
T1 654 163 92.7 15 2 164662 116521 141
T2 654 163 92.7 15 2 202609 116521 1.74
T3 654 163 927 0 2 198686 204687 0.97
T4 654 163 927 O 2 274248 204687 1.34
T5 654 163 92.7 -15 2 268230 364813 0.74
T6 654 163 92.7 -15 2 299568 364813 0.82
T7 654 163 92.7 -60 2 1304620 2269755  0.57
T8 654 163 92.7 -60 2 1552276 2269755  0.68
T9 654 163 92.7 -92.7 2 10000000* 9453212 -
T10 654 163 92.7 -145 2  10000000* 113098560 -
4.3.2 Results

The experimental campaign described in Sectiori48s been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.
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As far as the crack path orientation is concertieel,angled., estimated by

means of the proposed methodology was equal tcoR2%®éch fretting loading
condition Table 4.4). More precisely, the theoretical crack nucleatethe contact
trailing edge, and is characterized by a diredctiwvard the contact region.

The experimental crack orientation of test No. T dompared to the
corresponding analytical one Figure 4.3. Note that the main observed crack is
considered for the comparison, since multiple erpemtal cracks were found at
the contact trailing edge. The direction of sucacks was inward the contact
region, in accordance with the theoretical estiorti However, the comparison
between experimental and theoretical results igequiifficult, because the
analytical ones can be estimated only relatedémgth of twice the averaged grain
size of the material (corresponding to the lendtthe critical plane2d =10um).

Figure 4.3 Experimental crack path (Rossino, 2009) and tetcal crack orientation (dashed-red
line) for test No. T9.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metlggak listed inTable 4.4 for
each specimen. The rath,exp/N f cal IS also listed inTable 4.4 for tests No.
from T1 to T8, by excluding the run-outs due to thet that, in such cases, the

experimental number of loading cycles to failureuisknown. Moreover, a
comparison between experimental and estimatedufatite is shown irFigure 4.4



Validation of the advanced methodology proposedrétting fatigue assessmen1

for tests No. from T1 to T8. Note that the dasHeeks correspond to
N ,exp/ N ¢ ca €qual to 0.5 and 2, thus defining the scatter I2and

It can be observed that all the results fall withive scatter band 2 and,
therefore, the estimations seem to be satisfactory.

In more detail, the proposed methodol@ggvides conservative estimations for
tests No. T1, T2 and T4, whereas results for tierotests are characterised by

Nt cal > Nt exp (Table 4.4). Moreover, the accuracy of the criterion is fred by

means of the root mean square error method: thee\afl Tgys is equal to 1.45,

which highlights a good accuracy of the criteriompdoyed.

Moreover, as far as the run-outs (i.e., tests Nbafd T10) are concerned, the
proposed methodology estimates a number of loadyades to failure slightly
lower than the value of run-out for test No. T9 &igher than the value of run-out
for test No. T10.

Therefore, it can be stated that the methodologpgsed in the present Ph.D.
Thesis provides fretting fatigue life estimatiomsuacterised by a quite satisfactory
accuracy in case of either tensile or compressigantbulk stress applied to the
specimen.
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Figure 4.4 Experimental fatigue life vs. estimated fatigéeflor tests No. from T1 to T8.



92 Chapter 4

4.3.3 Experimental campaign 2
Nineteen flat dog-bone test specimens (named spesirffrom T1 to T19 in the

following) made of Al 7050-T7451 alloy were testefihe mechanical and fatigue
properties are listed ihable 4.5 (Almeida, 2020; Chen, 2012).

Table 4.5 Mechanical and fatigue properties of Al 7050-T74Hldy (Almeida, 2020;
Chen, 2012), tested by Almeida et al. (Almeida,®02

MATERIAL E v oy Ogr g M a1 M- No
[GPa] [MPa] [MPa] [MPa] [cycles]

Al 7050-T7451 71.7 0.33 524 301 -0.05 127 -0.08 02-1

The averaged grain sizd is equal to8 um (Almeida, 2020), whereas the
coefficient of friction & within the contact zone is equal to 0.54 (Rossk@9)9).

The experimental tests were carried out in padigl regime by using two
cylindrical pads (made of the same material of $pecimens). Note that two
different values of the pad radius were used,ithéR equal to 30 mm and 70 mm.
A constant normal load® and a cyclic tangential loa@(t) (characterised by a
loading ratio R=-1) were applied to the pads. Moreover, a constat &iress
og Wwas applied to the specimen before clamping tls,pia order to avoid the
influence of such a mean stress on the contadicolu

All the tests were interrupted at ®1ading cycles and, subsequently, crack
direction was measured on the longitudinal middtess section by means of a
confocal laser microscope. The experimental cpatk orientatiors,,, is defined

as the angle between the crack direction and ap@rpendicular to the surface.
Such an angle is measured in correspondence okdcifispdistance from the
surface, and it is defined positive if the crackhpa inside the contact zone. Note
that, when multiple cracks were observed, onlyldhngest one was considered.
The pad radiuR, the loading parameters (normal loRd amplitudeQ, of the

cyclic tangential load, and bulk stresg) and the corresponding experimental
crack path orientatiorg,,, (measured at a distance equalse.54m from the

surface) are listed imable 4.6 for each tested specimen.
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Table 4.6 Pad radiusR, loading parameters (normal lod&tl, amplitudeQ, of the cyclic
tangential load, and bulk stresg ), experimental and estimated crack path oriematio
Gexp and G4 , respectively, and estimated fretting fatigue INe ¢ , for each specimen

tested by Almeida et al. (Almeida, 2020).

TEST No. R P Q4 Og Bexp Geal N¢ cal
[mm]  [N/mm] [N/mm] [MPa] [°] [°] [cycles]
T1 70 800 240 0 7.3 3 115930572
T2 70 800 240 0 41.5 3 115930572
T3 70 800 320 0 24.8 3 4457854
T4 70 800 320 0 36.6 3 4457854
T5 70 800 320 0 375 3 4457854
T6 70 800 400 0 325 3 352292
T7 70 800 400 0 37.0 3 352292
T8 70 800 320 25 54.4 3 1942145
T9 70 800 320 25 17.3 3 1942145
T10 70 800 320 25 42.5 3 1942145
T11 70 800 320 50 55.6 3 813926
T12 70 800 320 50 32.8 3 813926
T13 70 800 320 50 42.6 3 813926
T14 30 341 136 0 39.9 5 73786216
T15 30 341 136 0 24.2 5 73786216
T16 30 341 136 25 31.3 5 34655327
T17 30 341 136 25 31.7 5 34655327
T18 30 341 136 50 36.3 4 12939376
T19 30 341 136 50 33.7 4 12939376
4.3.4 Results

The experimental campaign described in Sectior8ha8s been analysed by means
of the analytical methodology proposed in the pre$eh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concermiegl,angled., estimated by
means of the proposed methodology was equal tor3es$ts No. from T1 to T13,
5° for tests No. from T14 to T17, and 4° for telsts. T18 and T19Table 4.6).
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More precisely, the theoretical crack nucleatethatcontact trailing edge, and is
characterized by a direction inward the contadorefpr each test.

The direction of experimental cracks was foundddrnward the contact region
for all the tests, in accordance with the theoabtésstimations. The experimental
crack orientations are compared to the correspgraimalytical ones ifkigure 4.5,
for each test configuration. Note that the expernital crack orientations were
measured at a distance equabta5um from the surface, whereas the theoretical

crack orientations are related to a length equaivice the averaged grain size of
the material that is2d =16 m.

An analytical simulation of the above experimertésts was also provided by
Almeida et al. (Almeida, 2020). Three differentltiaxial fatigue parameters were
employed, that is, the SWT parameter proposed bithSW/atson and Topper
(Smith, 1970), the FS parameter proposed by FaadhiSocie (Fatemi, 1988), and
the Modified Wohler Curve Method (MWCM) parameteBuémel, 2002).
Moreover, three different critical plane averagingethods were applied in
conjunction to the above parameters, in order ticmage the initial crack direction.
Note that the estimated crack orientations aretaglédo a length ranging from
about1004m to 200um, depending on the employed method.

Almeida et al. observed that the results determibgdemploying the SWT
parameter estimated the experimental crack patitertiban those determined by
using the shear-based parameters (i.e., the FSMANWECM parameters). In
particular, the crack direction was generally peesti inward the contact region by
employing the SWT parameter, with estimated anglaging from -4° to 7°, while
the estimated crack direction was generally outwdre contact region by
employing the shear-based parameters (when assweiéth the Critical Direction
Method, the MWCM predicted crack directions inwadh& contact region, with
estimated angles ranging from 61° to 75°).

Therefore, it can be stated that the methodologpgsed in the present Ph.D.
Thesis provides more appropriate results in terfnsrack path orientation with
respect to other shear-based criteria availablthénliterature. More precisely,
such a methodology correctly predicts crack diomdiinward the contact region,
with crack angles comparable to those estimatedhégns of a SWT parameter-
based approach available in the literature.



Validation of the advanced methodology proposedrétting fatigue assessmen5

| 0.00 Present stud ! 0.00 d ,
—— Present study / —— Present study i
g et | (@ e aC
= 0.01r S 0.01r //
x © S S
wJ / ! s
> w 002 ! 0.02r S
=) / | s
> / ' S
n < / | E
= Z 003 J ! 0.03- s
<2 / o
Sk g ! 7o
x g 004 ,' 0.04f S
2o
0.05 : 0.05 :
0.96 0.98 1.00 1.02 0.96 0.98 1.00 1.02
| 0.00 Present stud g 0.00 Present stud 4
— Present study ' — Present study 7y
A [ B RO Cami @
= 001 0.01f o
x® 7 e
RN iy A
> 7 0.02r W 0.02 S
[a] /) S )
i S
n < o /
5 Z 0.03 N 0.03r S !
<9 s S /!
s x S L/ ; !
x 8 004 0.04+ . , ;
2o
0.05 : : : : 0.05 ; ; ; ;
0.96 0.98 1.00 1.02 0.96 0.98 1.00 1.02
- 0.00 Present stud /| 7
—— Present study ” 4
RN == O /o
= 0.01r /:// s
E® by
W E v /// S
> w 0.0 0.04r S
a) v s ’
o S S
oS S S
5 Z 0.03 s 0.06r ,/ /
zQ S /
s S //
o 8 0.04- ./ / 0.08r , Y
% o /// //
0.05 : 0.10— b ‘
0.96 0.98 1.00 1.02 094 096 098 100 1.02
. 0.00 —— Present study J 0.00 —— Present study S (h)
6 — -~ Experimental tests //' (g) - -~ Experimental tests /'
= 0.02r / 0.02r /!
x © / ¥
Wy a
> L 0.04- / 0.04r o
a) /
w k= K
0w s /
=5 Z 0.06 K 0.06r o
I Q Ki o
S X K
@ 8 0.08 / 0.08
g8 %
0.10 1 A L L I L L 0.10 L I I I L L
094 096 098 100 1.02 094 096 098 100 1.02
NORMALISED HORIZONTAL NORMALISED HORIZONTAL

COORDINATE,x/a COORDINATE,x/ a

Figure4.5 Experimental and theoretical crack orientatiom fests No. (a) T1-T2, (b)T3-THs,
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As far as the fatigue life is concerned, the numer., of loading cycles to

failure estimated by means of the proposed metloggak listed inTable 4.6 for
each specimen. Note that a comparison betweenrimygdal and estimated
fatigue life is not possible, since the experimemiamber of loading cycles to
failure is unknown for all the tests. NevertheJessan be observed that, for 74%
of the tests analysed, the number of loading cyektsnated by means of the
proposed methodology is higher than the valuemeuh-out.

4.4 Al 7075-T651 aluminium alloy

The experimental campaigns carried out by Vazquet €Vazquez, 2012) and by
Vazquez et al. (Vazquez, 2017) have been analybesugh the proposed
methodology. The experimental campaign carriedbguV/azquez et al. in 2012
(experimental campaign 1 in the following) is dietdiin Section 4.4.1, whereas
the results determined by employing the proposethodelogy are discussed in
Section 4.4.2. The experimental campaign carrigtdby Vazquez et al. in 2017
(experimental campaign 2 in the following) is die@iin Section 4.4.3, whereas
the results determined by employing the proposethodelogy are discussed in
Section 4.4.4.

4.4.1 Experimental campaign 1
Thirteen flat dog-bone test specimens made of Al570651 alloy were tested.

The mechanical and fatigue properties are listedable 4.7 (Vazquez, 2012).
The averaged grain sizk is equal to50 #m (Abrahams, 2019).

Before testing, seven specimens (from No. T1 toW&e subjected to a shot
peening treatment, whereas six specimens (fromRdoto R6) were not treated
and tested as reference.

The superficial treatment was characterised by lameA intensity equal to 20-
24A and a complete coverage condition. After gfe#ning, the specimens were
polished in order to restore the un-treated supalffoughness. The coefficient of
friction u after the polish treatment was equal to 1.18,lamto that of the as-

received specimens which was equal to 1.20 (Vazq@(2).
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Table 4.7 Mechanical and fatigue properties of Al 7075-T68a&ya(Vazquez, 2012), tested
by Vazquez et al. (Vazquez, 2012).

MATERIAL E v oy Ogr g M a1 M- No
[GPa] [MPa] [MPa] [MPa] [cycles]

Al 7075-T651 71 0.33 572 193 -0.12 111 -0.12 2-10

The residual stress field up to a depthlofim was measured by means of the

Blind-Hole method. The residual stress distributimeasured both immediately
after the superficial treatment (that is, beforetting fatigue tests) and after#10
fretting fatigue loading cycles, is shownkigure 4.6, where each band represents
different values of the measurements performed quWéz, 2012). It can be
considered that the phenomenon of relaxation itudee in the residual stress
distribution measured after 4@etting fatigue loading cycles, since relaxatien
mainly produced during the first fretting fatigumatling cycles.
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Figure4.6 Measured residual stress profiles due to shohimgetreatment performed on
specimens No. T1-T7.
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The experimental tests were carried out in pasigl regime by using two
spherical pads (made of the same material of teeisens), characterised by a
radius R equal to 100 mm. A constant normal loBdand a cyclic tangential load
Q(t) (characterised by a loading rati®=-1) were applied to the pads.

Moreover, the specimen experienced a cyclic bubbssiog (t) (characterised by a
loading ratioR=-1), which was in-phase witQ(t) .

The loading parameters (normal lo&d amplitudeQ, of the cyclic tangential
load, and amplitudeog , of the cyclic bulk stress) and the corresponding
experimental fretting fatigue lifeN¢ ¢, are listed inTable 4.8 for each tested

specimen.

Table 4.8 Loading parameters (normal lodtl, amplitudeQ, of the cyclic tangential load,
amplitude og , of the cyclic bulk stress), estimated crack patérgation &,
experimental and estimated fretting fatigue lifé; ¢,, and N¢ ., , respectively, for each

specimen tested by Vazquez et al. (Vazquez, 2012).

TEST No. P Qa Oga Gl Nt exp Nt cal M
[N] [N] [MPa] [] [cycles] [cycles] Ny ca
R1 1200 1100 90 8 55759 42852 1.30
R2 1200 1100 100 8 51787 34198 1.51
R3 1000 900 110 8 59793 51475 1.16
R4 1000 900 125 7 65614 36043 1.82
R5 650 600 125 8 52499 75805 0.69
R6 650 600 125 8 47379 75805 0.63
T1 1200 1100 90 10 283522 317811 0.89
T2 1200 1100 100 9 191755 238211 0.81
T3 1000 900 110 9 238394 404952 0.59
T4 1000 900 125 9 196035 259454 0.76
T5 1000 900 125 9 214425 259454 0.83
T6 650 600 125 9 588006 673885 0.87
T7 650 600 125 9 941615 673885 1.40
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4.4.2 Results

The experimental campaign described in Sectiori4ds been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.

It can be highlighted that, in case of shot-peesptimens (that is, T-series test
specimens), the measured relaxed residual steddssfiown inFigure 4.6 is taken
into account in the stress field evaluation.

As far as the crack path orientation is concertieel anglesé.,, estimated by

means of the proposed methodology range from 7e8 R-series test specimens,
to 9-10°, for T-series test specimefalfle 4.8). More precisely, the theoretical
crack nucleates at the contact trailing edge, andharacterized by a direction
inward the contact region.

No data in terms of experimental crack path areilaba for the tests
considered.  However, additional specimens sulijedie fretting loading
conditions equal to those used in tests No. T44IbE6-T7 were tested in order to
experimentally analyse the crack initiation pathThe experimental crack
orientations of such additional tests are compéaoeithe corresponding analytical
ones inFigure 4.7. It can be observed that the multiple experimentacks were
found to nucleate at or close to the contact hgiledge and grew inward the
contact region, in quite good accordance with tie®tetical estimations.

Bm 100

Figure4.7 Experimental crack path (Vazquez, 2012) and #hiieal crack orientation (dashed-red
lines) for fretting fatigue configurations of teds. (a) T4-T5, and (b) T6-T7.
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However, further comparisons with the theoretiesiutts are quite difficult. In
particular, the experimental cracks showed somectiim changes, whereas the
proposed methodology contemplates a single criptate orientation related to a
process zone characterised by the size equal te tive averaged grain size of the
material. Moreover, multiple cracks were foundhe specimen characterised by
the loading configuration of tests No. T6-T7, wleere single crack starting from
the hot-spot at the contact trailing edge is cargd in the proposed methodology.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure computed by means of the proposed methggad listed inTable 4.8 for
each specimen, together with the ratig ’exp/Nf, cal- Moreover, comparisons

between experimental and estimated fatigue life slv@wn inFigure 4.8a and
Figure 4.8b, for each test of the R-series (i.e. as-receiymtimens) and the T-
series (i.e. shot-peened specimens), respectivdljpte that the dashed lines
correspond ta\¢ ’exp/N f cal €qual to 0.5 and 2, thus defining the scatter 2and

It can be observed that all results fall within geatter band 2, and therefore,
the estimations seem to be satisfactory.

Related to the R-series, the proposed methodolugyides conservative
estimations for tests No. from R1 to R4, whereasults for the loading
configuration of tests No. R5 and R6 are charasgerby N¢ 5 > Nt o, (Table

4.8). Moreover, the accuracy of the criterion is fied by means of the root mean
square error method: the valueTgfy,s for as-received specimens is equal to 1.50,

which highlights a quite good accuracy of the ciate employed.

A numerical simulation of the above R-series experital tests was also
carried out by Vazquez et al. (Vazquez, 2014) bypleying a numerical
methodology that combines crack initiation and krgeropagation. The
comparison between experimental and estimatedufatife is shown inFigure
4.8a. It can be noticed that almost all the resulliswWéhin the scatter band 2, and
all the estimations are conservative. The compubdige of Ty is equal to 1.59.

Related to the T-series, the proposed methodolpgyides conservative
estimations for test No. T7, whereas results ferdther tests are characterised by
Nt cal > Nt exp (Table 4.8). Moreover, the accuracy of the criterion is fied by
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means of the root mean square error method: thee\afl Ty g for shot-peened

specimens is equal to 1.34, which highlights a gaoduracy of the criterion
employed.
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Figure 4.8 Experimental fatigue life vs. estimated fatigtefor each test of (a) the R-series and
(b) the T-series. The numerical results obtaingd/zquez et al. (Vazquez, 2014) are also
reported.



102 Chapter 4

A numerical simulation of the above T-series experital tests was also
provided by Vazquez et al. (Vazquez, 2014). Thengarison between
experimental and estimated fatigue life is shownFigure 4.8b. It can be
remarked that all the results fall within the seatband 2, and almost all the
estimations are non-conservative. In this case,ctmputed value ofgyg is

equal to 1.36.

Therefore, it can be stated that the methodologpgsed in the present Ph.D.
Thesis provides results characterised by a satisfa@accuracy, comparable with
that related to a more complex numerical approaeén in the case of shot-peened
specimens. Moreover, the estimations in termsatifjdie life seem to be less
conservative for shot-peened specimens than tloogsmfreated specimens.

4.4.3 Experimental campaign 2
Six flat dog-bone test specimens (named specimem® fT1 to T6 in the

following) made of Al 7075-T651 alloy were teste@he mechanical and fatigue
properties are listed ihable 4.9 (Vazquez, 2012).

Table 4.9 Mechanical and fatigue properties of Al 7075-T68a&ya(Vazquez, 2012), tested
by Vazquez et al. (Vazquez, 2017).

MATERIAL E v oy Ogr g M a1 M- No
[GPa] [MPa] [MPa] [MPa] [cycles]

Al 7075-T651 71 0.33 572 193 -0.12 111 -0.12 2-10

The averaged grain siz#¢ is equal to50u#m (Abrahams, 2019), whereas the
coefficient of friction & within the contact zone is equal to 0.72 (Vazq2€4,7).

The experimental tests were carried out in padigl regime by using two
cylindrical pads (made of the same material ofghecimens), characterised by a
radius R equal to 100 mm. A constant normal loBdand a cyclic tangential load
Q(t) (characterised by a loading rati®=-1) were applied to the pads.
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Moreover, the specimen experienced a cyclic bubbssiog (t) (characterised by a
loading ratioR=-1), which was in-phase witR(t) .

The loading parameters (normal lo&d amplitudeQ, of the cyclic tangential
load, and amplitudeog , of the cyclic bulk stress) and the corresponding
experimental fretting fatigue lifeN¢ ¢, are listed inTable 4.10 for each tested

specimen.

Table4.10 Loading parameters (normal lodtl, amplitudeQ, of the cyclic tangential
load, amplitudeog , of the cyclic bulk stress), estimated crack patantation €y,
experimental and estimated fretting fatigue lifé; o,, and N¢ ., , respectively, for each

specimen tested by Vazquez et al. (Vazquez, 2017).

TEST No. P Qa 9ga G Nt exp Nt cal M

[N/mm] [N/mm] [MPa] [°] [cycles] [cycles] Nt cal
T1 829 121 50 11 577540 927565 0.62
T2 829 121 50 11 676704 927565 0.73
T3 829 157 55 10 252878 398954 0.63
T4 829 157 55 10 283110 398954 0.71
T5 829 193 70 9 167324 149832 1.12
T6 829 193 70 9 162421 149832 1.08
4.4.4 Results

The experimental campaign described in Sectior8fds been analysed by means
of the analytical methodology proposed in the pmedgh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concertieel,angled., estimated by
means of the proposed methodology was equal tdattests No. T1-T2, 10° for
tests No. T3-T4, and 9° for tests No. T5-Tkalfle 4.10). More precisely, the
theoretical crack nucleates at the contact traidge, and is characterized by a
direction inward the contact region for each test.
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The direction of experimental cracks was foundeartward the contact region
for all the tests, in accordance with the theoabtésstimations. The experimental
crack paths are compared to the corresponding tacalynes inFigure 4.9, for
tests No. T1, T3 and T5. It can be noticed thatdhtimated crack paths agree
quite well with those obtained from the experimértgats, with angular difference
equal to about 9°, 6° and 3° for tests No. T1, i@ &5, respectively.
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Figure4.9 Experimental and theoretical crack paths forgesb. (a) T1, (b)T3, and (c) T5.

As far as the fatigue life is concerned, the numNer., of loading cycles to

failure estimated by means of the proposed metloggiak listed inTable 4.10 for
each specimen, together with the rahi ’exp/N f cal- Moreover, a comparison

between experimental and estimated fatigue lifghimwvn inFigure 4.10 for each
test analysed. Note that the dashed lines connelstnyexp/N f cal €qual to 0.5

and 2, thus defining the scatter band 2.
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Figure4.10 Experimental fatigue life vs. estimated fatigéefor each test analysed. The
numerical results obtained by Vazquez et al. (VazgR017) are also reported.

It can be observed that all the results fall withie scatter band 2 and,
therefore, the estimations are satisfactory. Meggathe accuracy of the criterion
is verified by means of the root mean square emethod: the value olTyys is

equal to 1.40.

A numerical simulation of the above experimentatdavas also carried out by
Vazquez et al. (Vazquez, 2017) by employing a niuwakmethodology that
combines crack initiation and crack propagation.he Tcomparison between
experimental and estimated fatigue life is showfiigure 4.10. It can be noticed
that all the results fall within the scatter banavith a Tgyg value equal to 1.48.

Therefore, it can be stated that the estimatedkcmaths reproduce the
experimental ones with good agreement for Al 70854Talloy, and a satisfactory
prediction in terms of fretting fatigue life is d@emined by employing the
methodology proposed in the present Ph.D. Théadisteover, the results obtained
in terms of loading cycles to failure are compagatd those related to a more
complex numerical approach available in the litenat
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4.5 Al-4Cu aluminium alloy

The experimental campaign carried out by AradjalefAradjo, 2004) has been
analysed by means of the proposed methodologyh &u@xperimental campaign
is detailed in Section 4.5.1, whereas the resdis/eld by employing the proposed
methodology are discussed in Section 4.5.2.

4.5.1 Experimental campaign
Flat dog-bone specimens made of Al-4Cu alloy westedd. The mechanical and
fatigue properties are listed Trable 4.11 (Aradjo, 2004).

Table 4.11 Mechanical and fatigue properties of Al 2024-T38aya(Araudjo, 2004).

MATERIAL  E v g,  Oyg-y m a1 M N
[GPa] [MPa] [MPa] [MPa] [cycles]
Al-4Cu 74 0.33 465 191 -0.11 110 -0.11 210

The averaged grain sizd is equal to50um (Araljo, 2004), whereas the
coefficient of friction & within the contact zone is equal to 0.75 (Arauja04).

The experimental tests were carried out in pasigl regime by using two
cylindrical pads (made of the same material ofghecimens). Note that different
values of the pad radiuR were used. A constant normal lo&d and a cyclic
tangential loadQ(t) (characterised by a loading rati®=-1) were applied to the

pads. Moreover, the specimen experienced a cyblik stress og(t)
(characterised by a loading rati®=-1), which was in-phase witQ(t) . Twenty-

nine different fretting fatigue configurations wesgamined, and some specimens
were tested for each configuration.

The pad radiuRR, the loading parameters (normal loRd amplitudeQ, of the

cyclic tangential load, and amplitudeg , of the cyclic bulk stress) and the

corresponding experimental fretting fatigue Iifg ¢, are listed inTable 4.12 for

each fretting fatigue configuration. Note thasome cases, characterised by small
contact area, failure was caused by anomalous si@iffinated out of the contact
zone in regions of poor surface finish.
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Table 4.12 Pad radiusR , loading parameters (normal lod&, amplitudeQ, of the cyclic
tangential load, amplituderg , of the cyclic bulk stress), estimated crack oaéioh €y,

experimentalN¢ ¢y, and estimatedN o, fretting fatigue life, for each configuration.

TEST No. R P Qa Oga  Ga  Nfexp Nt cal m
[mMm]  [N/mm] [N/mm] [MPa] [°] [cycles]  [cycles] Nt cal
T1 125 23 10 927 1 1000000* 19117479 -
T2 25 47 21 927 3 1000000* 7717940 -
T3 375 70 31 927 5 1000000* 3668776 -
T4 50 93 42 927 5 1290000 2043901 0.63
T5 75 140 63 927 6 670000 998311 0.67
T6 100 186 84 927 5 850000 628223 1.35
T7 125 233 105 927 5 730000 464568 1.57
T8 150 280 126 927 5 670000 372451 1.80
T9 125 19 9 927 O 1000000* 20524101 -
T10 25 39 17 927 3 1000000* 10103129 -
Ti11 375 58 26 927 4 4040000 4941405 0.82
T12 50 77 35 927 5 1500000 2913246 0.51
T13 75 116 52 927 5 800000 1411144 0.57
T14 100 155 70 927 5 610000 904978 0.67
T15 125 193 87 927 5 1240000 668421 1.86
T16 150 232 104 927 5 690000 534939 1.29
T17 125 19 9 772 1 1000000* 56423724 -
T18 25 39 17 772 3 1000000* 23500510 -
T19 50 77 35 772 5 1000000 5848140 -
T20 75 116 52 772 6 1420000 2689769 0.53
T21 100 155 70 772 6 610000 1645611 0.37
T22 125 193 87 772 5 1240000 1163687 1.07
T23 25 27 12 618 2 1000000* 103940553
T24 375 41 18 61.8 4 1000000* 50712396 -
T25 50 54 25 618 5 1000000* 27728846 -
T26 75 82 37 618 6 1000000* 11943853 -
T27 100 109 49 618 6 1000000* 6918770 -
T28 125 136 61 618 6 1570000 4761295 0.33
T29 150 163 74 618 6 1230000 3621014 0.34
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Therefore, in such cases characterised by a naptatde failure mode, the
number of loading cycles to failure (marked with’ ‘th Table 4.12) may be
considered as a lower limit.

4.5.2 Results
The experimental campaign described in Sectiorl h&s been analysed by means

of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.
As far as the crack path orientation is concertieel, angleg., estimated by

means of the proposed methodology ranges from 08°todepending on the

fretting loading conditionsTable 4.12). More precisely, the theoretical crack
nucleates at the contact trailing edge, and is atharized by a direction

perpendicular to the contact surface (for testigomdtion No. T9) or inward the

contact region.

The experimental cracks were generally found toleate at or close to the
contact trailing edge, and to grow approximatelyppadicular to the surface, in
accordance with the theoretical estimations.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metloggidk listed inTable 4.12 for
each test configuration. The rathd; ,exp/N f cal IS also listed inTable 4.12 for

test configurations characterized by an accepfablee mode.

Moreover, a comparison between experimental atidnated fatigue life is
shown inFigure 4.11 for such test configurations. Note that the desles
correspond ta\¢ ,exp/N f cal €qual to 0.5 and 2, thus defining the scatter 2and

It can be observed that 81% of the results falhiwithe scatter band 2, and
94% of the results fall within the scatter bandTherefore, the estimations seem to
be quite satisfactory. In more detail, the propogeethodology provides
conservative estimations for 38% of tesialie 4.12). Moreover, the accuracy of
the criterion is verified by means of the root meguare error method: the value
of Trys is equal to 1.86, which highlights a quite gooduaacy of the criterion

employed.
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As far as the specimens characterised by non-aaepfailure modes are
concerned, for 69% of analysed test configuratitmes proposed methodology
estimates a number of loading cycles to failurdnérighan the value considered as
a lower limit listed inTable 4.12.

Therefore, it can be stated that the methodologpgsed in the present Ph.D.
Thesis provides quite satisfactory results in teoghd¥oth crack path orientation
and fretting fatigue life for Al-4Cu alloy.
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Figure4.11 Experimental fatigue life vs. estimated fatigéeflor tests characterised by
acceptable failure modes.

4.6 Ti-6Al-4V titanium alloy

The experimental campaign carried out by Aradjalef{Aradjo, 2004) has been
analysed by means of the proposed methodologyh &u@xperimental campaign
is detailed in Section 4.6.1, whereas the resuttercthined by employing the
proposed methodology are discussed in Section.4.6.2
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4.6.1 Experimental campaign
Flat dog-bone test specimens made of Ti-6Al-4V yallwere tested. The
mechanical and fatigue properties are liste@idble 4.13 (Araujo, 2004).

Table 4.13 Mechanical and fatigue properties of Al 2024-T38a&ya(Aradjo, 2004).

MATERIAL E v gy Ogf-1 M a1 M- No
[GPa] [MPa] [MPa] [MPa] [cycles]
Ti-6Al-4V 115 032 974 418 -0.10 241  -0.10 2810

The averaged grain sizd is equal to5um (Aradjo, 2004), whereas the
coefficient of friction & within the contact zone is equal to 0.55 (Aradja04).

The experimental tests were carried out in pasigl regime by using two
cylindrical pads (made of the same material ofgpecimens). Note that different
values of the pad radiuR were used. A constant normal lo&d and a cyclic
tangential loadQ(t) (characterised by a loading rati®=-1) were applied to the
pads. Moreover, the specimen experienced a cyblik stress og(t)
(characterised by a loading ratR=-1), which was in-phase witlQ(t). Five

different fretting fatigue configurations were exaed, and some specimens were
tested for each configuration.

Table 4.14 Pad radiusR , loading parameters (normal lo&, amplitudeQ, of the cyclic
tangential load, amplituder , of the cyclic bulk stress), estimated crack oaéoh 65,

experimentalNy ., and estimatedN¢ ., fretting fatigue life, for each configuration.

TEST No. R P Qa Oga  Ga  Nfexp Nt cal M
[mm] [N/mm] [N/mm] [MPa] [°] [cycles] [cycles] Nt cal

T1 12.5 259 41 280 4 1400000* 1716677 -

T2 37.5 777 124 280 2 521000 310142 1.68

T3 50 1036 166 280 2 374000 231261 1.62

T4 60 1243 199 280 2 196000 196194 1.00

T5 70 1450 232 280 2 173000 172704 1.00
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The pad radiuR, the loading parameters (normal loRd amplitudeQ, of the

cyclic tangential load, and amplitudeg , of the cyclic bulk stress) and the

corresponding experimental fretting fatigue Iifg ¢, are listed inTable 4.14 for

each fretting fatigue configuration. Note thatthe tests of configuration No. T1
(that is, tests characterised by the smallest corateea), failure was caused by
anomalous cracks originated out of the contact Zoneegions of poor surface
finish. Therefore, in such cases characterised Iopn-acceptable failure mode,
the number of loading cycles to failure (markedhwit” in Table 4.14) may be
considered as a lower limit.

4.6.2 Results
The experimental campaign described in Sectiorl hés been analysed by means
of the analytical methodology proposed in the prmedgh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concertieel,angled., estimated by

means of the proposed methodology was equal tord®$t configuration No. T1,
and 2° for other test configuration§aple 4.14). More precisely, the theoretical
crack nucleates at the contact trailing edge, andharacterized by a direction
inward the contact region.

The experimental cracks were generally found tdeate within the slip region
at or close to the contact trailing edge. Morecizedy, some cracks initiated
within the fretted zone. However, the exact distabetween such cracks and the
contact trailing edge was difficult to be measurgdce the experimental contact
area was characterized by indefinite and irregotamdaries. Moreover, most of
the cracks grew approximately perpendicular to theface, in quite good
agreement with the theoretical estimations.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metloggidk listed inTable 4.14 for
each test configuration. The rathd; ,exp/ N¢ cq IS also listed inTable 4.14 for

test configurations characterized by an acceptélare mode. Moreover, a
comparison between experimental and estimatedufatide is shown inFigure
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4.12 for such test configurations. Note that the deshees correspond to
N ,exp/ N ¢ ca €qual to 0.5 and 2, thus defining the scatter I2and
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Figure4.12 Experimental fatigue life vs. estimated fatigéeflor tests characterised by
acceptable failure modes.

It can be observed that all the results fall withive scatter band 2 and,
therefore, the estimations are satisfactory. Inremaletail, the proposed
methodology provides conservative estimations favo tover four test
configurations Table 4.14). Moreover, the accuracy of the criterion is fied by
means of the root mean square error method: thee\afl Tgys is equal to 1.42,

which highlights a good accuracy of the criteriompoyed.

As far as the specimen characterised by an anosiéddure mode is concerned
(i.e., test configuration No. T1), the proposedhodblogy estimates a number of
loading cycles to failure higher than the valuesidered as a lower limit listed in
Table 4.14.

Therefore, it can be stated that the methodologpgsed in the present Ph.D.
Thesis provides satisfactory results in terms dhbezrack path orientation and
fretting fatigue life.
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4.7 ENS8 steel

The experimental campaign carried out by O’Halloetral. (O’Halloran, 2017)
has been examined. Such an experimental campsidetailed in Section 4.7.1,
whereas the results determined by employing thepgsed methodology are
discussed in Section 4.7.2.

4.7.1 Experimental campaign
Flat dog-bone test specimens made of EN8 steel tested. The mechanical and

fatigue properties are listed Trable 4.15 (O’Halloran, 2017).

Table 4.15 Mechanical and fatigue properties of EN8 steel (@fbtan, 2017).

MATERIAL E v oy Oap M Tar g M- No
[GPa] [MPa] [MPa] [MPa] [cycles]
EN8 189 0.3 882 276 -0.12 159 -0.12 210

The averaged grain sizg is equal to30m (Vantadori, 2019), whereas the
coefficient of friction ¢ within the contact zone is equal to 0.75 (O’Hallgra

2017).

The experimental tests were carried out in pasigl regime by using two
cylindrical pads (made of the same material ofgbecimens). The pad radis
was equal to6mm. Such tests were characterised by fretting weadihg

conditions. More precisely, a constant normal |dddand a cyclic tangential
displacementA(t) (characterised by a loading ratR=-1) were applied to the

pads. All the tests were interrupted at bading cycles.

The above experimental tests were carried out deroto both estimate the
effective value of the coefficient of friction armbmpare the results with those
determined by means of a numerical model develdpedhe same Authors
(O’Halloran, 2017).

Once the numerical model was validated, differemettihg fatigue
configurations were numerically simulated by coesigg the same material such
as that of the experimental tests. Such configpmatwere characterised by
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cylindrical pads, with pad radiuR equal to3mm. A constant normal loa® and
a cyclic tangential displacemer(t) (characterised by a loading ratlR=-1)
were applied to the pads: the value of the normadl lwas equal t@27N/mm,

whereas different values of the amplitullg of the tangential displacement were

considered.

Such numerical investigations were characterisedithyer partial slip or gross
slip regime, depending on the value of the ampéitad the applied tangential
displacement. In more detail, the transition frpamtial slip to gross slip regime

was found to be in correspondence of a transitialuesA, ¢ of the tangential
displacement amplitude equal to ab8u8m (O’Halloran, 2017).
Note that simulations characterised By <A, ; are taken into account here,

since the methodology proposed in the present PhtBsis may be applied to
fretting fatigue problems in partial slip regimeéA value of A, equal tolum,
2um, 3um and 3.8m was applied in numerical simulations No. 1, 2n8 4,

respectively.

4.7.2 Results

The numerical simulations described in Sectionldhave been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.

In order to determine the stress field within tipe@men by employing the
analytical formulation detailed in Section 2.4 dketpresent Ph.D. Thesis, the
amplitude Q, of the tangential load needs to be defined forheaomerical
simulation. In more detail, such a loading paranet computed as a function of
the amplitudeA, of the tangential displacement, by means of tH&ving

equation:

P
Q=+, 4.3)
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Therefore, the tangential load amplitu@g equal t09.9N/mm, 19.7N/mm,

29.6N/mm, and 37.5N/mm is considered for numerical simulations No. 132,
and 4, respectively.

Note thatEquation (4.3)has been deduced by considering that, in pati@l s
regime, the value of the ratiQ,/P linearly increases as the amplitude of the

tangential displacement increases (Jin, 2004).h Suratio reaches its maximum
value (equal to the coefficient of frictiopr) in correspondence to the transition

between partial slip and gross slip regimes, thaior A; =A, ;. Note that such a

relation is not valid for gross slip regime.
As far as the crack path orientation is concertieel, angleg., estimated by

means of the proposed methodology was equal tol¥®, 15° and 10°, for
numerical simulations No. 1, 2, 3 and 4, respeltive More precisely, the
theoretical crack nucleates at the contact traidge, and is characterized by a
direction inward the contact region. However, atadn terms of numerical crack
path are available in the literature for the testssidered.
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+ O'Halloran, 2017
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10°
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Figure 4.13 Fretting map in terms of fatigue life vs. dis@awent amplitude: results estimated in
the present Ph.D. Thesis and numerical results bia{lbran et al. (O’Halloran, 2017).
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As far as the fatigue life is concerned, the numer., of loading cycles to

failure estimated by means of the proposed metloggois equal to 648679,
52699, 28257 and 10352, for numerical simulationsN 2, 3 and 4, respectively.

Moreover, the fretting map (in terms of number o&ding cycle to failure
against displacement amplitude) built by takingpintcount the analytical results
related to the above fretting wear tests undergalip regime is shown ikigure
4.13. The comparison between the number of loadingesyto failure numerically
estimated by O’Halloran et al. (O’Halloran, 201 fdahat analytically estimated
in the present Ph.D. Thesis is also reportedrigure 4.13. Note that such a
comparison seems to highlight a quite good accucddye proposed analytical
methodology for EN8 steel, but further comparisetith experimental test results
are needed.

4.8 AlSl 1034 steel

The experimental campaign carried out by AradjalefAradjo, 2017) has been
analysed by means of the proposed methodologyh &u@xperimental campaign
is detailed in Section 4.8.1, whereas the resuttercthined by employing the
proposed methodology are discussed in Section.4.8.2

4.8.1 Experimental campaign
Flat dog-bone test specimens made of AISI 1034| stee tested. The
mechanical and fatigue properties are liste@idble 4.16 (Araujo, 2017; Li, 2017).

Table 4.16 Mechanical and fatigue properties of AlSI 1034 Istdeadjo, 2017; Li, 2017).

(]

MATERIAL E v oy Oy -1 M Taf -1 M No
[GPa] [MPa] [MPa] [MPa] [cycles]
AISI 1034 200 0.3 600 299 -0.10 173 -0.10 210

The averaged grain sizd is equal to30u#m (Fouvry, 2008), whereas the

coefficient of friction i within the contact zone is equal to 0.9 (Aradjol 20
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The experimental tests were carried out in padigl regime by using two
cylindrical pads made of chromium 52,100 stedt {210GPa, v =0.3,

oy, =1700MPa). The pad radiuR was equal tcf0mm.

A constant normal load and a cyclic tangential loa@(t) (characterised by a
loading ratio R=-1) were applied to the pads. In particular, theugal of the
normal load P and the amplitudeQ, of the tangential load were equal to

227N/ mm and169N/ mm, respectively.

The tests were interrupted at®lading cycles and, subsequently, crack
direction was measured on the longitudinal middtess section by means of a
confocal laser microscope. The experimental cpatk orientatiors,,,, is defined

as the angle between the crack direction and ap@rpendicular to the surface.
The average value of such an angle was found teghal to 30°, with the crack
path inside the contact zone.

4.8.2 Results
The experimental campaign described in Sectiori/8s been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concertieel, angleg., estimated by

means of the proposed methodology was equal to 1Wfore precisely, the
theoretical crack nucleates at the contact traidge, and is characterized by a
direction inward the contact region.

The direction of experimental cracks was foundddrniward the contact region
for all the tests, in accordance with the theoattiestimations. The average
experimental crack orientation was found to be edgua30°. The comparison
between experimental and analytical crack oriemtatis shown ifrigure 4.14. It
should be highlighted that the experimental crad&ntation is related to a crack
length equal to68 /m, whereas the theoretical crack orientation isteelao a

length equal to twice the averaged grain size eitlaterial, that is2d = 60m.

An analytical simulation of the above experimenéaits was also provided by
Araujo et al. (Aradgjo, 2017). In more detail, thrdifferent multiaxial fatigue
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parameters were employed, that is, the SWT parampeiposed by Smith, Watson
and Topper (Smith, 1970), the FS parameter propdsed-atemi and Socie
(Fatemi, 1988), and the Modified Wohler Curve M&h@WCM) parameter
(Susmel, 2002). Moreover, three different critipldne averaging methods were
applied in conjunction with the above parametersprider to estimate the initial
crack direction. Note that the estimated crackrdsetions are related to a length
ranging from abouf14m to 428,m, depending on the employed method.
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Figure4.14 Comparison between experimental and theoreticallcmientation.

Araujo et al. remarked that the experimental ciaaths could be estimated by
employing the SWT parameter better than by usireg shear-based parameters
(i.e., FS and MWCM parameters). In particular, ¢cheeck direction was predicted
inward the contact region by employing the SWT paater, with estimated angle
equal to 11°. On the other hand, the estimatedkcdirection was generally
outward the contact region by employing the shemel parameters (when
associated with the Critical Direction Method, thMMWCM predicted crack
directions inward the contact region, with estirdaaegle equal to 70°).

Therefore, it can be stated that the estimatedkcpath reproduces the
experimental one with good agreement for AISI 1838del. In particular, the
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methodology proposed in the present Ph.D. Thelwiges more appropriate
results in terms of crack path orientation withpext to other shear-based criteria
available in the literature. More precisely, sacmethodology correctly predicts
crack direction inward the contact region, with obraangle comparable to that
estimated by means of a SWT parameter-based appavadable in the literature.
As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metloggols equal to 2119173.
Note that a comparison between experimental anch&sid fatigue life is not

possible, since the experimental number of loadywes to failure is unknown for
all the tests. Nevertheless, it can be observattifte number of loading cycles to
failure estimated by means of the proposed metlggais higher than the value
set for run-out.

4.9 35NCD16 steel

The experimental campaign carried out by AradjalefAradjo, 2017) has been
analysed by means of the proposed methodologyh &u@xperimental campaign
is detailed in Section 4.9.1, whereas the resulimined by employing the
proposed methodology are discussed in Section.4.9.2

4.9.1 Experimental campaign
Flat dog-bone test specimens made of 35NCD16 wiel tested. The mechanical
and fatigue properties are listedTiable 4.17 (Araujo, 2017; Kurek, 2017).

Table 4.17 Mechanical and fatigue properties of 35NCD16 sfaeljo, 2017; Kurek, 2017).

(]

MATERIAL E v oy Oy -1 M Taf -1 M No
[GPa] [MPa] [MPa] [MPa] [cycles]
35NCD16 200 0.3 1270 361 -0.10 342 -0.07 %10

The averaged grain sizd is equal tol5um (Boudiaf, 2011), whereas the

coefficient of friction i within the contact zone is equal to 0.9 (Aradjol 20
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The experimental tests were carried out in padigl regime by using two
cylindrical pads made of 100C6 stedt £195GPa, v=0.3, g, =1500MPa).

The pad radiufk was equal t80mm.
A constant normal load and a cyclic tangential loa@(t) (characterised by a

loading ratio R=-1) were applied to the pads. In particular, theugal of the
normal load and the amplitud€, of the tangential load were equal to

1000N/ mrr and 500N/ mm, respectively.

The tests were interrupted at 5°*16ading cycles and, subsequently, crack
direction was measured on the longitudinal middtess section by means of a
confocal laser microscope. The experimental cpatk orientatiors,,, is defined

as the angle between the crack direction and ap@rpendicular to the surface.
The average value of such an angle was found teghal to 17°, with the crack
path inside the contact zone.

4.9.2 Results
The experimental campaign described in Sectiorl ©8s been analysed by means
of the analytical methodology proposed in the predeh.D. Thesis for fretting
fatigue assessment of structural components.

As far as the crack path orientation is concertieel, angleg., estimated by

means of the proposed methodology was equal to Kfore precisely, the
theoretical crack nucleates at the contact traidge, and is characterized by a
direction inward the contact region.

The direction of experimental cracks was founddadnward the contact region
for all the tests, in accordance with the theoattiestimations. The average
experimental crack orientation was found to be kdqoal7°. The comparison
between experimental and analytical crack oriemtatis shown ifrigure 4.15. It
should be highlighted that the experimental crac&ntation is related to a crack
length equal talO5um, whereas the theoretical crack orientation isteeldo a

length equal to twice the averaged grain size eitliaterial, that is2d = 30 #m.
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Figure4.15 Comparison between experimental and theoreticallcmientation.

An analytical simulation of the above experimertésts was also provided by
Araujo et al. (Araujo, 2017). In more detail, thrdifferent multiaxial fatigue
parameters were employed, that is, the SWT parampeiposed by Smith, Watson
and Topper (Smith, 1970), the FS parameter propdsed-atemi and Socie
(Fatemi, 1988), and the Modified Wohler Curve M&h@WCM) parameter
(Susmel, 2002). Moreover, three different critipldne averaging methods were
applied in conjunction with the above parametersprder to estimate the initial
crack direction. Note that the estimated crackrdetions are related to a length
ranging from abouB9 1m to 78 um, depending on the employed method.

Araujo et al. remarked that the experimental ciaaths could be estimated by
employing the SWT parameter better than by usireg shear-based parameters
(i.e., FS and MWCM parameters). In particular, ¢cheeck direction was predicted
inward the contact region by employing the SWT peater, with estimated angle
ranging from 4° to 6°. On the other hand, estimhat@ck direction was generally
outward the contact region by employing the shemed parameters (when
associated with the Critical Direction Method, bdts and MWCM predicted
crack direction inward the contact region, withirested angle equal to 46° and
53°, respectively).
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Therefore, it can be stated that the estimatedkcmath reproduces the
experimental one with good agreement for 35NCDXelst In particular, the
methodology proposed in the present Ph.D. Thelwiges more appropriate
results in terms of crack path orientation tharep#hear-based criteria available in
the literature. More precisely, such a methodolagyrectly predicts crack
direction inward the contact region, with crack lengpmparable to that estimated
by means of a SWT parameter-based approach aifatiie literature.

As far as the fatigue life is concerned, the numNer.; of loading cycles to

failure estimated by means of the proposed metloggds equal to 133762. Note
that a comparison between experimental and estihfateyue life is not possible,
since the experimental number of loading cyclefatiore is unknown for all the

tests. Nevertheless, it can be observed thatuh®aer of loading cycles to failure
estimated by means of the proposed methodologlistly lower than the value

set for run-out.
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CONCLUSIONS

An analytical methodology for fretting fatigue ass@ent of structural components
has been proposed in the present Ph.D. Thesisoila detail, such a methodology
may be employed in order to evaluate both theainitiack path and the lifetime of
metallic structures under fretting fatigue elagtizrtial slip loading conditions.
Consequently, being based on linear-elastic fortimnsg, it could be easily applied
to practical situations in the industrial field.

The proposed methodology falls in the categorytmdss-based critical-plane
approach. In particular, the multiaxial fatiguetemon originally proposed by
Carpinteri et al. for metallic structures under tiaxial constant amplitude fatigue
loading in high-cycle fatigue regime is here exthtb the case of fretting fatigue.

The Carpinteri et al. criterion is implemented mnjunction with the Critical
Direction Method proposed by Aratjo et al. Suchn@n-local approach is
employed in order to determine the orientationhaf tritical plane, thus avoiding
two drawbacks typical of the stress-based crifdake approach: (a) the need to
evaluate the critical plane orientation in manyng®iof the specimen, and (b)
anomalous situations (that arise in problems clhwraed by high stress gradients)
occurring when the critical plane orientations deiaed in adjacent points may be
completely different from each other.

Moreover, the philosophy related to the theory loé Critical Distance by
Taylor is taken into account in the procedure far tlefinition of the verification
point where to perform the fretting fatigue assessnof the structural component.
The fatigue life in such a point is evaluated ica@dance to the Carpinteri et al.
criterion by means of an equivalent stress ampdituafter the reduction of the
multiaxial stress state to an equivalent uniaxied.o
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Furthermore, the linear relationship between theléntde and the mean value
of the stress component perpendicular to the atifiane proposed by Goodman is
employed in order to take into account the simeltars presence of both a tensile
or compressive mean normal stress and an altegnatinrmal stress. In particular,
such a relationship allows to take into accounthibeeficial effect on fatigue life
due to the presence of a compressive mean normegsst Such a situation is
typical of fretting fatigue problems in which eitree compressive mean axial stress
is applied to the component or a compressive rasighess field is induced by
shot peening.

The stress field used as input for the Carpinteilecriterion is analytically
evaluated by using the closed-form solution by 3ohnbased on the formalisms
by Hertz, Cattaneo and Mindlin, and McEwen, togetivith the closed-form
solution by Nowell and Hills.

The behaviour of metallic components under fretfatigue elastic partial slip
loading conditions has been assessed in order tmate the proposed
methodology. In more detail, ten different expenntal campaigns available in the
literature characterised by either cylindrical @herical contact configurations,
carried out under either fretting fatigue or fredtiwear loading conditions have
been examined.

As far as the crack path orientation is concertigel experimental cracks were
found to nucleate at or close to the contact trgikkdge, and to grow inward the
contact region or perpendicular to the contactamarf The theoretical cracks
nucleate at the contact trailing edge, and areachenized by a direction inward the
contact region or perpendicular to the contact asaf in accordance to the
experimental results.

Nevertheless, further comparisons with theoretieallts are quite difficult. In
particular, the experimental cracks show some tlinecchanges, whereas the
proposed methodology contemplates a single criptahe orientation, estimated
by taking into account a process zone charactebyedl fixed size equal to twice
the averaged grain size of the material. Moreowaultiple cracks nucleating
within the slip region close to the contact trajliadge have been observed in some
cases, whereas a single crack starting from thepattat the contact trailing edge
is considered in the proposed methodology.
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Therefore, it can be stated that the crack diracéistimated by means of the
proposed methodology is in a quite good agreemeitit the experimental
evidences. Moreover, such results are more apptepghan those determined by
means of other shear-based criteria available enliterature, and the values of
crack angle computed in the present Ph.D. Thess camparable to those
estimated by means of a SWT parameter-based appavadable in the literature.
However, further developments are still neededrprove the accuracy between
estimated and observed crack angles.

As far as fatigue life is concerned, the estimat@des of loading cycle number
to failure are in good agreement with the experimleones. Moreover, the
accuracy of the methodology in terms of fatigue lévaluation is verified by
means of the root mean square error method: thee @l Ty g ranges from 1.34

to 1.86 for the analysed cases, thus highlightiggad correlation.

Therefore, the methodology proposed in the prefdmbD. Thesis seems to
provide results in terms of number of loading cgde failure characterised by a
satisfactory accuracy. More precisely, such resale comparable with those
related to more complex numerical approaches inliteeature. Although by
analysing the results obtained in the present Phlbesis the proposed
methodology seems to be characterised by a pragnisiocuracy, further
investigations on different materials and contactfigurations are needed.

It is worth noting that the proposed analytical Ineelology has the advantage to
be able to estimate both crack path and fatigee Without physically taking into
account the crack in the model, and thus it is agatpnally efficient. However,
it has the drawback that both the fretting fatigifeeand crack path estimations are
referred to a verification point located at a fbdigtance from the hot-spot.

A strong point of the proposed methodology consistaking into account the
material average grain size. In fact, it has baleserved that an accurate fretting
fatigue assessment needs to include features om#terial microstructure. In
particular, both the critical plane orientation ahd verification point position are
related to such a size.

Moreover, it should be highlighted that a possiMuence of the slip
amplitude on the fretting fatigue behaviour of toenponent analysed is discarded,
since a stress-based approach is implemented inptbeosed methodology.
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However, since the superficial damage producethetontact surface within the
partial slip regime is not high, such a hypothesisms to be acceptable.

On the other hand, the influence of the high stgraslient is clearly captured
using the Critical Direction Method by Araudjo et alTherefore, the proposed
analytical methodology seems to be promising nt far fretting fatigue, but also
for other fatigue problems involving high stresadjents, in the case of both
proportional and non-proportional stress histories.



NOMENCLATURE

FS
MRH
MWCM
SWT

A, %
A(t)

cal

crit

Fatemi and Socie fatigue parameter
Maximum Rectangular Hull method
Modified Wohler Curve Method fatigue parameter

Smith, Watson and Topper fatigue parameter

angle between the normal to the critical plane #rel
averaged direction of the maximum principal stress

displacements of pointg, T,
cyclic tangential displacement applied to the pads

fatigue limit range for fully reversed normal loadi
threshold stress intensity factor range for lorarks

deformation in correspondence of material yielding

coefficient of friction
Poisson coefficient
orientation of a critical plane candidate

crack path orientation estimated in the presenDPh.
Thesis

critical plane orientation

experimental crack path orientation from the litera
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Oeq a

Uaf 1

g af -1

og(t)
aeff
o,,n=123

Gy, N=12¢

orientation of a generic rectangle bordering thg@ath
stress tensor

equivalent uniaxial stress amplitude related todtitcal
plane

fatigue limit under fully reversed normal stress

finite life fatigue strength under fully reversedrmal
stress

cyclic axial stress (bulk stress) applied to thecépen
effective linear elastic stress quantity

principal stresses, wherg(t) = o,(t)=o,(t)

averaged principal stresses within a loading cyeteere
o(t)20,(1)2 04(1)

material ultimate tensile strength

stress in correspondence of material yielding

closed path of the shear stress component on iteakr
plane

polygonal approximation of path

fatigue limit under fully reversed shear stress
finite life fatigue strength under fully reversdukesr stress
principal Euler angles

averaged principal Euler angles
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e'(t)

half-width of contact zone
half-width of stick zone

instantaneous half-width of stick zone

shear stress component lying on the critical plane

amplitude of the shear stress component lying an th
critical plane

mean value of the shear stress component lyinghen t
critical plane

average material grain size

eccentricity of stick zone

instantaneous eccentricity of stick zone

elastic modulus

elastic modulus for plane strain condition

tangential elastic modulus

distance between the contact body surfaces (Chapter

Heaviside step function (Chapter 3)

hot-spot
depth of contact bodies
critical distance

slope of the S-N curve under fully reversed normal
loading

slope of the S-N curve under fully reversed sheadihg

normal stress component perpendicular to the atitic
plane

reference number of loading cycles

amplitude of the normal stress component perpetaticu
to the critical plane



amplitude of the equivalent normal stress component
perpendicular to the critical plane

number of cycles to failure

mean value of the normal stress component perpdadic
to the critical plane

reference frame for the contact problem (Chapter 2)
normal pressure distribution between contact bodies
maximum value of normal pressure distribution
normal constant force applied to the pads

critical point where to perform the fretting fatgu
assessment

fixed reference system (Chapter 3)

local reference system related to the critical @lan
principal reference system

contact shear distribution between contact bodies
maximum value of contact shear distribution
static tangential force applied to the pads

cyclic tangential force applied to the pads

relative radius of curvature of contact bodies (@éa2)
radius of the pads (Chapter 3 and Chapter 4)
main relative radii of curvature of contact bodies

slip between contact surfaces

stress vector referred to the critical plane
points on the contact surface (Chapter 2)
time

period of the loading cycle
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T, T points reasonably distant from the contact surface
(Chapter 2)

Taus root mean square error

Uz, Uz2 displacements of point§;, S

W normal to the critical plane

W(t) weight function

2,2 surface profiles of contact bodies

Subscripts

a amplitude

cal analytical value calculated in the present Ph.CesIh

exg experimental value from literature

m mean value

max maximum value

min minimum value
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