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Abstract

In this work, the crack nucleation under frettimgldretting fatigue loading was investigated
experimentally on a Ti-6Al-4V alloy. The geometmnsidered is a cylinder on flat contact in
stick slip conditions. A new dual actuator frettifagigue device was presented and an original
interrupted test expertise methodology was proposedorder to quantify the crack
nucleation, the fretting fatigue set-up was equibp&h a potential drop technique device. A
proper calibration, presented in this paper, alibwecrack nucleation detection threshold of
50 um with an error threshold of 10% at the maximumreEhparallel studies have been
carried out: fretting loading tests (optical exsa}, fretting fatigue test for a lifetime of
100 000 (optical expertise) and fretting fatigueeinipted tests (potential drop technique).
These tests have shown that the addition of auatlgad can provide a fall of 45% of the
tangential threshold of crack nucleation compam@dimple fretting loading. It has been
identified that the crack nucleation is influend®dthe fretting and the fatigue forces in two
ways: increasing the fatigue load leads to a deerez# the tangential force nucleation
threshold whereas raising the fretting load leada tlecrease of the nucleation and fracture
fatigue lifetime. All tests curried out with the patial drop technique system have shown that

this technique is very efficient in the case ofeiting fatigue test.

Keywords: fretting fatigue, crack nucleation, Ti{6#/, potential drop technique
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Qc

given N

Gfat

No, Nt

Sref

electrical potential at the edge of the crack (V),

electrical potential measured at the beginnindneftést (V),

crack length (um),

sample depth (mm),

number of cycles

maximal Hertzian pressure in the contact (MPa),

normal force (N),

sliding amplitude (um),

tangential load (N),

critical tangential load (N): tangential load tth@ads to crack nucleation for a

fatigue load (MPa),

stress ratio,

cycle limits used to determined the value ¢f V

coefficient of friction,

confidential crack length that corresponds todegnition of the crack nucleation
(50um < &f < 100um). This crack length is used to comparedifierent loading

configurations.

1 Introduction

Fretting fatigue is a critical solicitation thatpgars on many structures such as the blade/disk

contact of aircraft engines (Figure 1). It is cletesized by small displacements between two

bodies, one of which has an applied bulk stress plenomenon has been studied for a long

time [1] and induces damage and eventually redfi@ggue resistance. Fretting leads to

premature crack nucleation compared to classiguatioading.
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high-frequency
aeroelastic drivers
and system vibrations

rotating disk
(bulk inertial

contact
surface

Figure 1: lllustration of the typical fretting fgtie contact configuration present at the

dovetail notch of blade disk components in rotatirgraft engines [2].

The fretting fatigue damage is mainly controlled twe sliding condition. A gross slip
condition associated to large sliding amplitudel v&ad to wear debris formation and third
body ejection. Energy description of wear mechanisias been developed in several studies
[3]. On the other hand, a partial slip conditiorlgrincipally induce mode Il fatigue crack
nucleation.

In the last decade, the effects of several paramete the fretting fatigue behaviour have
been investigated for instance the stress grafdert], the sliding regime [6], the roughness
[7], the residual stresses [8], the microstructige 10] and one of the main factors: the
competition between the fretting and the fatiguel$ofl 1]. In general, the influence of those
parameters is studied with regards to the specilifetimme, crack nucleation models or a
combination of both: the numerical model is pronglthe number of cycles to nucleation. It
is also possible to estimate the total life timeftagture mechanics analogy.

The total fretting fatigue life is often consideraslthe sum of a fretting crack nucleation and
fatigue crack propagation. In those cases, the eumibcycles until nucleation can be found
either through performing a simulation or by usegerimental detection techniques which
are actually very limited. Many studies have beanried out in order to optimize the
prediction of fretting and fretting fatigue cracksicleation. Most of them use a critical plan
approach such as the SWT criterion [12-14], thed>dan or the Ruiz parameter [15], the
short crack approach[XX], etc... However, those nucarmethods induce new varying
parameters such as the critical volume. The infleesf the number of cycles to nucleation on
the total lifetime has already been studied, yetehs a lack of experimental data that can be
used to quantify the crack nucleation. This datecigmcy is one of the primary weaknesses

in the current models [16]. Experimental data afckrnucleation is also very important in
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order to validate the numerical models. Until nawany different techniques have been
investigated with limited success. The most effitigechnique is to correlate surface
profilometry measurement with reduction in fatigagength [17-19]. An other leading
technique uses fractography and SEM observatiombiceed with fatigue striations analysis
[20]. This last technique allows access to thelci@opagation kinetic and analysis of the
crack initiation behaviour, but the crack nucleatenalysis threshold is limited to 130 um
which corresponds to the appearance of fatiguatistnis.

In this study, we have investigated the generahbielir of Ti-6Al-4V material under fretting
fatigue solicitation in a (P,Q,N) representatio,[21] .We have developed a specific dual-
actuator fatigue set-up capable of separately applhe fatigue and the fretting load. This
experiment has been equipped with a potential decphnique device in order to precisely
detect and quantify the crack nucleation and prapag. Using a particular calibration, it has
been possible to look at the influence of seveaaameters in the nucleation life and on total

life.

2 Experimental Conditions

2.1 Material and Contact Parameters

The material used for fretting samples, frettinggi@ae samples and pads is an alpha/beta alloy
(Ti-6Al-4V) commonly used in aeronautics (Figure Zhe mechanical properties are shown
in Table 1. A single type of contact has been itigated using controlled roughness, (R0.5
pim) specimens in a cylinder on plane geometry w&itbonstant radius d = 40 mm and a
constant width perpendicular to the sliding direat{plane strain conditions). The maximum
compression stress (Hertzian's contact pressuteeaurface was kept constant for all tests.
The working frequency is equal to 10 Hz, limited 8w actuator efficiency, but no major

effect of the frequency has been observed in padies [20].
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Figure 2: Duplex microstructure of Ti-6Al-4V showialpha grains and alpha-beta lamellar

structures.

Mechanical properties of Ti-6Al-4V

Elastic modulus (GPa) 119
Poisson ratio 0.29
Yield stress (MPa) 970
Density (g/cm) 4.4
Vickers hardeness (H\) 360

Table 1: Mechanical properties of Ti-6Al-4V: dat@ayded by SNECMA company.

2.2 Fretting Experimental Set-up

Several tests have been performed with a simplengdoad under small sliding condition in
order to characterize crack nucleation without &aygue loading. Those tests have been
carried out using an experimental layout specidiigigned at LTDS (Figure 3); further
details of this set-up can be found in [14]. A dans normal force P is applied followed by a
cyclic sinusoidal displacemedtin order to generate an alternative cycle tangétdgad Q on
the contact surface. During the tests, P, Qdaack recorded. The sliding transition conditions

have been determined through variable displacemettiod described in details in [14].

Tangential displacement |
5
Counter-body Plane
N
Normal F,
force
| Tangential
— Force Q
FIXED

MOBILE (g) 'mposedsiiding
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Figure 3: Schematic diagram of the LTDS frettingteyn for the cylinder on plane

configuration.

2.3 Fretting Fatigue Experimental Set-up

A new fretting fatigue experimental set-up has bdeweloped at LTDS (Figure 4). It was
inspired by the experimental set-ups developed itlg et al. [22] and the one developed by
Mall et al. [6]. It is a dual actuator device tl@iows the separate application of the fretting
condition and the fatigue load. Multiple sensotewvalthe following parameters to be recorded
during tests: the fretting and the fatigue load &Qd o), the fretting and fatigue
displacementsdé( and d¢5), and the fretting normal load (P). Relative disgiment in the
contact is measured by a contact less optical sensilled on the fretting pad clamp and a
reflecting mirror fixed on the flank of the fatigg@ecimen at the contact position level. The
original feature of the LTDS set-up is its abilityperform single contact fretting fatigue tests
due to a ball bearing located in the face oppotite contact. This system enables the
application of a large diversity of combined loadingrhe two main types of loading
configurations are: the ‘in phase’ fretting fatigleading (Figure 4 (c)) and the loading
combination more representative of the real ‘ighti configuration where a cyclic plateau of
bulk stress loading is combined with sinusoidabtntial fretting force (Figure 4 (d)). The
experiments discussed in this paper relate onllge¢din phase’ loading.
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Figure 4: (a) Representation of the LTDS frettiatigue set-up, (b) close up of the fretting
contact; and the two types of classical configorati (c) in phase and (d) cyclic constant bulk

stress.

2.4 Post-test Analysis Methodology

Most of the tests presented here have been intedwgtd analysed. Analyses consist of an
optical determination of the crack length. The kranalysis technique has been inspired by
Proudhon et al. [12]. For all fretting tests, tlangle is cut in the middle of the scars. Then,
the new surface created is polished and observidami optical microscope. The polishing
and observation phase is repeated triple in orlesvaluate the homogeneity of the crack
length. The scale of crack length studied hereo(8Gum) corresponds to a homogeneous
mode Il crack propagation in the material. Therefdhe technique used is sufficient for
obtaining proper quantification of crack length.

Regarding the fretting fatigue test, the level ok length is much higher (30n to 1mm)
and the assessments have shown more inhomogenaeis.cThat is why the observations
were taken from ten polishing planes instead oédhand a chemical etching with Keller

reactant was carried out on all observed planegi(Ei5).
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Figure 5: Experimental method to investigate craglafter fretting test (a) and fretting

fatigue test (b).

2.5 Fretting Fatigue Map of Ti-6Al-4V for a Lifetime of 100 000 Cycles

Before studying the general crack nucleation of TR6Al-4V/Ti-6Al-4V cylinder on plane
contact, the global behaviour of this contact uraldretting fatigue loading is determined.
Hence, a general (@, N) map [21] at a specific N = 100 000 cycles (Feg6) was
designed upon. This life time was chosen becausepitesents HCF with acceptable test
duration. Several tests were performed in ordedeatify the fretting and fatigue conditions
that lead to failure or to crack nucleation. Thack&s observed were small cracks (<ub@),

so the fretting assessment methodology was usedsthinting point of the boundary between
the ‘no-nucleation area’ and the ‘crack initiati@area 6., = 0 MPa) was determined in the

simple-fretting study.
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Figure 6: Fretting Fatigue Map of Ti-6Al-4V at’lQycles: Cylinder on Flat Contact.

This first study reveals very interesting resufisst of all, this map allows the final state of
the sample to be characterized in terms of frettind fatigue loading in one of three ways: no
crack nucleation, crack nucleation and failureegsence, it determines a safe zone for the
material. The map shows that at a lifetime equdltfocycles, there is very little influence of
the fatigue force on the crack nucleation beloywy = 300 MPa. Whervsty is larger than
300 MPa, the crack nucleation process is equiviglesantrolled by the two parameters.

Concerning the failure of the sample, there isguakeffect of the two loadings.

3 Potential Drop Technique (PDT) Calibration

In order to detect the crack nucleation and quatihié crack propagation, the fretting fatigue
set-up was equipped with a specific potential dtephnique device. Considering the
configuration of the fretting fatigue test, this timed is more suitable than the classic optical
or compliance methods. The idea of applying the RIDTa fretting fatigue device was first

introduced by Kondo and Kubota et al. [23] and tbhead in their following studies [24-26].

The PDT was used on a bending fretting fatigue adevihis paper completes the work of
Kubota by applying the PDT in a dual actuator ingttfatigue set-up and by analysing the

accuracy of the technique. This critical analysipresented in section 3.1.

3.1 Principle of the Potential Drop Technique
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This technique relies on the fact that the potérdistribution in the vicinity of a crack
changes with crack growth. Technique was firsioiddiced in 1957 by W.J. Barnett and A.R.
Troiano. The technique has been widely used andahbration procedure is well known
[27]. The principle is to apply plateaus of currentthe specimen and to measure the
difference of potential on each side of the crdckfretting fatigue the crack nucleation

appears at the edge of the contact (see Figure 7).

oo,

T
-

— L g
\ "t

Electrical noise

——

Figure 7: Schematic diagram of the Potential Drephhique Principle.

The propagation of the crack induces a diminutibthe sample cross section that leads to an
increasing of the electrical resistance. As thensity of the current is constant, an increase in
the electrical resistance is directly connectedhwaih increase of the electrical potential. By
monitoring this increase, V, and comparing it witie reference value gvimeasured at the
beginning of the test, the average crack depthq@athe crack depth ratio (a/W) can be
determined, where W is the depth of the sample.albm@tion curve is thus useful in
converting the potential measurements into cragkgtles. For a given configuration,
calibration consists in finding the solutions tgolace’s equation (eq. 1) within the boundary

conditions of particular test piece geometry.

0° (V) =0 eq. 1
There are three main ways to determine the cailtraturve for a specific test configuration:
analytical methods, numerical methods, and emjpinoathods. Analytical solutions have
many advantages and solutions of Laplace’s equatiwe already been obtained for simple
geometries [27]. In fact, there are many analytsm@utions corresponding to all classical

fatigue sample geometries [28]. Unfortunately,retting fatigue test, no standard on the test

specimen has been determined and no study on atadibrcurves has been carried out.

10
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Moreover, most of the classical geometries conpegrcracked sample, which is not the case
of our investigation.

The numerical calibration by using the 2-D or 3#hité element method also offers multiple
advantages and has been used in many cases fprefadists with particular geometries or
loading conditions [29-31]. This method, howevernibt adapted to our testing conditions
due to the contact configuration where the fretpadg conducts part of the current. Therefore,
the solution that has been used to obtain the radilim is the empirical method, which
consists in an experimental description of thebeation curve. This calibration was also used
by Kondo and Kubota [23], but not fully describedpiaper.

3.2 Calibration Methodology

The most important point is to establish the regiafity of the experiment method. The
installation of the electrical set-up is identiéat all tests and the determination of thg i¥/

calculated as follow:

. SV(N ) -V
V, = min 0{ > M} eq. 2

N¢ —Ngy=400
f 0 Ni=N0 VO

d,
d Measurement
Wires
w e

_ | | Displacement laser
sensor

Potential
Measurement

Current |
Supply

Electrical insulation
| components

=
(c)
Figure 8: Schematic of the experimental set-upp¢ajtioning of the current supply and

isolation, (b) positioning of the measurement wife} picture of the experimental set-up.

The technique implies a complete insulation of sigetem {sample + pad}. So insulating
components are placed between both the sampleharizhtl bearing and between the pad and

the fretting set-up (Figure 8). Insulation of th@esimen from the machine is not necessary.

11
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The positioning of the measurement wires has beémiged (d,d,: Figure 8) in order to
obtain noise less potential measurementsmist be very small to have a good signal but
large enough to be sure that the crack is locagddden the two wires. The wires are welded
on samples with a specific ‘spot welding’ deviceeh if the test sample is not pre-cracked,
the fretting fatigue configuration, determine tmaak initiation to be placed under the edge of
the contact area. The welding process generates@mificant flaw compared to the contact
gradient influence in terms of crack nucleation.

The objective of conducting the empirical caliboatis to perform a number of tests, thereby
obtaining experimental values of {a/W, \WMooints. Then, several polynomial functions are
used to correlate those experimental points. In rotde optimise the calibration, two
methodologies have been used:

* Small cracks (< 60Qm): Vy is evaluated at the beginning of the test. Thertdkeis
interrupted at a specific value of \Y\nd the sample is optically observed following
the methodology illustrated in Figure 5 (b). Théuea of V/\, were between 1,005
(Figure 9 (a)) and 1,062 and corresponded tarB0 596um cracks.

» Large cracks (> 60Qm): V, is evaluated at the beginning of the test. Thendhd
ratio is modified alternatively from 0.01 to 0.5daftom 0.5 to 0.01 in order to obtain
different fracture morphologies in fracture plane the same sample. The area of
successive morphologies are measured from opticabstope images, then divided
by the contact width to obtain an average cracktlegigigure 9). If the differences of
fracture surface are not notable enough, a heateayment is applied in order to

diversify them.

12
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Figure 9: (a) Typical curve V = f(N): test stoppadvV/Vo = 1,05,6t: = 400 MPa and Q*/j
= +/- 0.29 and corresponding observation, (b) Tabotrve V = f(N) for a long crack
calibration testsi,; = 400 MPa with four conditions changes during ast &nd

corresponding observations.

3.3 Definitive Calibration

Nine calibration tests were carried out in prestady: six for short cracks and three for long
cracks. From both analysis methodologies, we ob#aigood general view of the crack
geometry. One observation is that for a crack d\@® pum, the propagation can be very
inhomogeneous. This will be a significant issuedose measurement wires are welded on
only one face of the sample. An analysis of theiemzy of the calibration is presented below.
Sufficient information has been obtained in ordeffihd a correct calibration curve. Three
polynomial functions have been used with threeed#ft values for each coefficient
depending on the value of V/VO:

Al 2l Al Al ol +a

13
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Due to industrial character of presented studyuhlkeies of the coefficients /A- As are

confidential.
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Figure 10: Fretting-fatigue Potential Drop Technigemapirical calibration curve for a

cylinder on flat contact configuration, close-up $tort cracks analysis.

Several interesting points can be noted on Figure At of all, with the proposed
methodology, it is possible to obtain a crack naiitan detection threshold at vary small level
of 50 um which corresponds to a very short crack. It ipontant to note that SEM
observations of fracture surface have shown thaptine mode Il propagation corresponds to
50 um to 100um cracks. Therefore, the detection threshold cpaords either to a pure mode
Il crack or to the boundary between pure mode Il anixed mode I-mode Il crack
propagation. It is also notable that the calibratorve presents two plateaus: one at a/W =
0.02 and the other at a/W = 0.08 (Figure 10). Agala corresponds to a large augmentation
of the measured resistance at a stable value of &8Mhose plateaus correspond to a large
opening of the crack without propagation which nsetlvat it corresponds to transitions of the
propagation process (mode Il to mode I/mode Il twenl). The transition from a pure mode
Il propagation to a mode I/mode Il propagation t#saa crack opening that induces an
increase in the electrical potential. This phenomeisoalso related to the way the crack
length is determined. The small crack length idweatad without distinction between an open
and a closed area: only the global length is beorgsidered. It is also important to notice that
the shape of the calibration curve is very differigatn the curve obtained by Kondo [23].
This shows that the calibration curve shape is eextly dependent of the loading
configuration and of the methodology used to obtdin(crack length measurement

methodology ...).

14
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Figure 11: Calibration Curve between Potential diog notch depth obtained by Kondo et al.
[23].

4 Fretting Results: Characterisation of Crack Nucleation under simple
fretting loading (without Fatigue L oad)

The first step in the characterization of the craakleation is to observe the crack behaviour
without the fatigue load. In this scenario, the tagh configuration is fixed and the only
varying parameter is the tangential force amplitudé characterize the crack nucleation
following the methodology introduced by Proudhonakt [12]. First, the value of P is
imposed. Then, for different values of N, we parigeveral tests at different tangential load
values in order to find the correct crack nucleatioreshold @

Each test has been analyzed following the methggalescribed in section 2.4 (Figure 5a).

b
-

pressure P

Yo

h .
-

crack length [

|

b — — — — — — —|— — $~
1

1
_____————‘(';1

nucleation threshold
at (P, N)

Figure 12: Methodology used to determine the craakeation threshold with respect to Q,N
parameters (P and N are constant) [12].
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Figure 13: (a) Experimental results of crack lengtserved at a specific {Q,N} value, (b)
Evolution of the critical tangential force. @ initiate fretting cracks (@m cracks or @

cracks) in relation to the number of cycles.

The number of applied fretting cycles has a majfluence on Q As observed in [12], the
evolution of Q(N) shows a rapid decrease then tends to a satnaiue. This methodology
allows to determine the evolution of the crack eatibn threshold for different crack lengths.
The Figure 13 (b) shows the evolutions of the cnagkleation threshold for ag0n crack
and for the @ crack (confidential value between 50 and 100 Ma)ue of & corresponds to
our reference crack whose length is still in a pugale 1l propagation (either in fretting or in
fretting fatigue for our configuration). Crack ldhgaes is a small crack however, is
measurable in both simple fretting and frettinggia¢ tests. Hence.ais our reference value
to compare fretting and fretting fatigue resultartker, @& is assumed to be the transitional
length of crack between pure mode Il propagationh srixed mode propagation. We have
now determined the correct tangential load nuaeathreshold that identifies the ‘no crack

nucleation’ area (the curve in Figure 13b).

5 Fretting Fatigue Results

During the study of the crack nucleation, two faédevels and their respective five levels of
fretting conditions were considered. All the testsre interrupted at V/VO ~ 1,06 and

analysed following the procedure described in eac®.4 (Figure 5b).

5.1 Investigation on the Potential Drop Technique efficiency
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The test results were plotted on the calibratiorveun order to evaluate the precision of the

measurement: Figure 14.

0,2
0,16 A
0,12
A
3
Ly}
0,08 |
- calibration
® short crack calibration points
0.04 1 4 long crack calibration points
o test at 350 MPa fatigue load
0 o test at 400 MPa fatigue load

T
< - ™ “
- ~— —

ViVo -
Figure 14: Positioning of the expertises of fregtfatigue tests on the potential drop technique

calibration curve.

Out of eleven tests, eight experimental pointscérser than 15% to the calibration curve, and
six of these are closer than 10%. However, seVegting fatigue tests seem to be quite far
from the prediction of the potential drop techniglibe points A and B on Figure 14 have a
gap of approximately 20 to 25 % from the calibnataurve. If we take closer look at tests A
and B (Figure 15) we can see that in each of the dases the cracks have initiated and
propagated in a corner of contact. This explaingtpes, which were observed:

 Test A: the cracks have initiated and propagatedhé opposite corner from the
measurement wires. Hence, for a specific value/®fV¥he crack is in fact longer than
expected because the quality of detection is lgsent.

* Test B: the cracks have initiated and propagatedhen corner between the two
measurement wires. Therefore, the detection iseamud for a specific value of V§V
the crack is shorter than expected.

This phenomenon has been observed for all testghwirtesented a big difference between
the experimental crack length measured and théraéibn curve. For all of these tests, the

optical analyses have confirmed a corner crackeaticin and propagation.
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Measurement
wire

Crack

Figure 15: Pictures of the two sides of sample & Bnposition of the cracks with respect to

the measurement wires.

It could be conclude thant proposed technique ry efficient, but in the case of corner
cracks, a correction is needed. This problem cdnoes the fact that the acquisition system
contains only one measurement circuit line.

Now the technique can be optimised, however, agpdical analysis allows us to adjust the
calibration curve according to the precise teshofothety transformation is thus applied to
the coefficients of the polynomial function (Figuté). Considering a rupture of sample, a
quick optical analysis permits to determine if ttnack has propagated in a corner, and if so,
how to optimise the calibration by choosing the Atlwe B fitted curve. The decrease in
efficiency due to a corner crack on the oppositke ©if the measurement wire leads to the
crack nucleation detection threshold decreasing@&am. Assuming this we consider the
threshold to be determined by \W¥ 1,005 and that the worst case calibration cig\be A
curve. in this way, the technique of fitting the \airis validated (the crack nucleation and
propagation processes are always the same) anthéhedference calibration curve is correct.
Therefore, the threshold is fixed by a crack lergftBOum (that has been obtained during the
calibration work) after fitting the calibration e to the specific test.
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Figure 16: Process of fitting calibration curve Yarious fretting fatigue tests.

5.2 Fretting Fatigue Crack Nucleation Analysis

Two levels of fatigue load have been studied, df agethe case without any fatigue load
(simple fretting tests). Five values of frettingatbngs have been applied for each fatigue
condition. The Figure 17 illustrates the evolutiai potential ratio V/\§ and the
corresponding crack evolution for all tests. Cratksgths have been calculated using the
fitted calibration curve for each test.
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Figure 17: Evolution of V/Vo for all fretting fatigutests and the corresponding crack length

evolutions.

Figure 17 is rich in information; it shows the sacueve shape for all tests, thereby validating
the fact that all the tests are reproductive. Tlaeeeclearly two phases in propagation which
can be identified by the change of the curve’saldphis behaviour swing appears for crack
lengths between 150m and 25Qum. We can also see a general trend that when nigenéal
load increases, the number of cycles to nucleateksris decreasing. The Figure 17 shows
occasional deviation from this trend, but this banrelated to general fatigue dispersion. We
can now observe the influence of the fatigue loadiiige Figure 18 presents the influence of
the fatigue force on the nucleation of thg erack. It can be noted that the fatigue loading ha
a significant influence on the crack nucleationhwét Qc/iP threshold reduction of 45 %
compared to the simple fretting loading threshdldus, we cannot assume that in fretting
fatigue the crack nucleation is only controlled the tangential loading reaching a certain
value of fretting load. It also appears that amaase of the fatigue load leads to a decrease of

the tangential force threshold.

08
c + 400 MPa fatigue load
2 071 .
a m 350 MPa fatigue load
‘_j’ 0.6 - A Fretting results: 0 Mpa fatigue load
c
S 05
s
3]
w 04 - 4
« 7 Crack
2 03 Nucleation
5
(=4 0}2 i
a
% 0.1 - No crack Nucleation
6]
0 T T T T T
0 20000 40000 60000 80000 100000 120000

Cycles
Figure 18: Tangential load threshold as a funatibtihe number of cycle until obtaining the

aet Crack for fretting fatigue solicitation: influencé the fatigue load.

The crack propagation "following device" gives a&x¢o information at every crack length.

This means that using proposed methodology it $sipte to follow the evolution of the crack
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propagation under fretting and fretting fatiguediogs. One application is to optimize the
approach of the experiment. Figure 19 leads to tatmt at a certain crack length (a/W =
0.04) the sample can be considered as fracturealibedhe Qc/i® = f(N) curves are almost

superimposed. The tests can therefore be intedugite/W = 0.04 for analysis with the test
time still considered to be the total life time.

a/'W=0.005

a/W =0.005
045 aW=0.04 045 a'W=10.04
04 ‘/ 0,4
035 Crack length 0,35 | Crack length *
[« % o
ENE) FLE
o Failure c ;
025 - 025 Failure
02 | No rfailure v - 0.2 | No failure
0,15 . . . . . 045 . .
0 20000 40000 60000 8D000 100000 120000 140000 0 20000 40000 0000 80000 100000
cycles cycles
O: = 350 MPa O¢,: = 400 MPa

Figure 19: Evolution of the tangential crack nutilmathreshold for different crack lengths.

® Fatigue R=0

L Fretting Fatigue Q/utP = 0.20
® Fretting Fatigue Q/utP = 0.29
A Fretting Fatigue Q/utP = 0.44

Fatigue Load

Life Time
Figure 20: Fatigue Wholer curve: Positioning oftking Fatigue lifetime results: life time

drop observation (the stress values are confidgntia

We can accept that the interrupted test duratioe ttorresponds to the total lifetime of the
specimen. Figure 20 shows the life time drop dufetiing fatigue. This drop can be from

30% to 60% of the initial life time for pure fatiguFurther, we can assume that this lifetime
drop is due to the fretting contact load that atgs premature cracks. This happens in two
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ways: the crack nucleation is accelerated mordneyangential force than by the fatigue load,
and the crack propagation is accelerated more biatlgeie force than by the simple fretting
load. These results confirm what we have showngargé 6. Considering the level of fatigue
loading, we have seen in both studies that ther@ ssgnificant influence of both forces:

fretting and fatigue.

6 Conclusions

Two crack nucleation approaches have been preseopédal analysis and potential drop
technique (PDT). The first breakthrough presentedhis paper is the use of the potential
drop technique on a dual actuator fretting fatigegup (fretting fatigue in traction). This
paper presents the calibration methodology thatdea crack nucleation detection threshold
of 50um. The PDT precision was tested and we have shbatrtlie optimization of the data
treatment can lead to a calibration margin of elelow 10%. using proposed methodology it
is possible to detect a B0n crack and to measure its propagation rate gasmgty up to
failure of specimen.
Three separate studies were carried out:
» a fretting study which resulted in fast quantifioat of crack nucleation under
simple fretting load,
» the first representation of the crack nucleatioopagation behaviour of Ti-6Al-
4V, illustrated by a fretting fatigue map (&), at 100 000 cycles, and
» a fretting fatigue study equipped with a potentiap technique which allowed to
precisely quantify the crack nucleation threshdlt)( We have shown that the
crack nucleation is not only driven by the frettiogding but also by the fatigue
force in our test configuration.
The potential drop technique also demonstratesaagehin the crack propagation behaviour.
Two propagation behaviours have been observedange of crack lengths corresponding to
a mode I-mode Il propagation. Complementary obgienva are in progress, with the dual
goal of optimising the quantification of the craatopagation and of linking the quantitative
information to a qualitative explanation of the akrapropagation behaviour. Other test
configurations, conditions and loadings will be stadwith the potential drop equipment to

complete knowledge of the influence of each paranmt the crack nucleation behaviour.
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