H

University of
HUDDERSFIELD

University of Huddersfield Repository

Fouvry, S., Nowell, D., Kubiak, Krzysztof and Hills, D.A.

Prediction of fretting crack propagation based on a short crack methodology
Original Citation

Fouvry, S., Nowell, D., Kubiak, Krzysztof and Hills, D.A. (2008) Prediction of fretting crack
propagation based on a short crack methodology. Engineering Fracture Mechanics, 75 (6). 1605 -
1622. ISSN 0013-7944

This version is available at http://eprints.hud.ac.uk/id/eprint/21587/

The University Repository is a digital collection of the research output of the
University, available on Open Access. Copyright and Moral Rights for the items
on this site are retained by the individual author and/or other copyright owners.
Users may access full items free of charge; copies of full text items generally
can be reproduced, displayed or performed and given to third parties in any
format or medium for personal research or study, educational or not-for-profit
purposes without prior permission or charge, provided:

* The authors, title and full bibliographic details is credited in any copy;
* A hyperlink and/or URL is included for the original metadata page; and

* The content is not changed in any way.

For more information, including our policy and submission procedure, please
contact the Repository Team at: E.mailbox@hud.ac.uk.

http://eprints.hud.ac.uk/



Published in Engineering Fracture Mechanics, 20@8, 75, p. 1605 - 162http://dx.doi.org/10.1016/j.engfracmech.2007.06.011

Prediction of fretting crack propagation based on a short crack

methodology

S. Fouvry?, D. Nowell®, K.J. Kubiak?, D.A. Hills ®

& LTDS, Ecole Centrale de Lyon, Ecully 69134 Cedérance
b Department of Engineering Science, Universit{aford, Parks Road,

krzysztof@kubiak.co.uk

Abstract :

Fretting tests have been conducted to determmendximum crack extension under partial
slip conditions, as a function of the applied targe force amplitude. An analytical model
representing a fretting-induced slant crack hasbeglemented and combined with the
Kitagawa-Takahashi short crack methodology. Thigragch provides reasonable qualitative
agreement between experimental and predicted maxifneiting crack lengths, supporting
previous results concerning the prediction of tredting—fatigue endurance. It is, however,
observed that the model is systematically conseeatA discussion of the appropriate
fundamental parameters when dealing with steegsstgeadients such as those present in
fretting, and which are difficult to interpret ihd context of the Kitagawa-Takahashi method,
is presented. It is shown that an inverse proceddeatifies the required fundamental
parameters. Hence, a specific fretting long craekdition length for the low carbon steel
studied can be extrapolated. It is also shown tti@imaximum crack length evolution under

plain fretting wear test conditions can be usechdidrate fretting fatigue predictions.

Keywords : Crack arrest, Fretting crackinijitagawa-Takahashi diagram, short cracks, AlISI
1034 steel.

1. Introduction

Fretting is a small amplitude oscillatory movemewtiich may occur between
contacting surfaces subjected to vibration or cystress. Fretting is therefore encountered in
assemblies of components subjected to vibratiom| #mus concerns a wide range of

industries (e.g. helicopters, aircraft, trainspshirucks and electrical connectors) [1]. Fretting
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damageon the contacting surface is critically controllachder sliding conditions, by the
amplitude of slip displacement [2, 3]. Under laageplitude gross slip conditions, where the
whole surface is fretted and wear processes assdcowith debris formation and ejection
dominate, friction energy wear models have beemodniced [4]. Under partial slip
conditions, initiation of fatigue cracks is gen&rah more significant concern than wear.
Fretting fatigue tests, which combine a frettingnte@t and bulk fatigue loading, are
classically used to investigate this regime [SheTretting and bulk fatigue loading are inter-
dependent, and this feature complicates the imyessin of their respective impacts. Fretting
fatigue has a strong influence on both crack nticleaand early propagation, whereas bulk
loading controls subsequent ‘long crack’ propagat{d]. Hence a sequential strategy
involving crack nucleation, short crack propagatand long crack propagation approaches
has been developed [5, 6, 7].

Because of the very severe stress gradients imposedhe contact surface, a direct
application of a fatigue analysis based on a ste#sa given pointis not appropriate.
Therefore, approaches which take a length scale awticount need to be considered,
combining either a stress-averaging process voli@n8] or an equivalent notch similitude
description [10]. Prediction of subsequent crackppgation, and conditions for potential
crack arrest, is less well understood [7, 11]. €naopagation is generally affected by the
contact loading as well by the bulk remote load.alflinear elastic fracture mechanics
approach is adopted, most of the literature suggistt the crack will arrest if the stress

intensity rangeaK falls below a threshold valueaky,) [12]. The critical question then

becomes: ‘What is the threshold value?’. It hasnbedensively reported that short cracks
propagate at nominal stress intensity levels bat@viong crack threshold [13]. Araudjo and
Nowell [7] applied a method based on the Kitagaw&ahashi diagram [13] to resolve the
paradox of propagating short fretting cracks. ARaraative starting point, employing a ‘short
crack correction’, was developed by El Haddad efldl] and may be used to predict fatigue
thresholds. It may be shown that the two approacresessentially similar: the former
modifies the threshold, whereas the latter moditiescrack driving force. However, as noted
in [7], a definitive validation of the concept wikkquire a comparison of the experimental and
predicted maximum crack extension beneath a corithet purpose of the research reported
here is therefore to investigate this aspect bylinmg well-defined fretting experiments

with a detailed model of crack evolution, takingoiraccount crack location and orientation.
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To simplify the analysis, a single 2D cylinder/painetting geometry has been chosen, under
purely alternating load. This allows a systematack arrest condition to be investigated, and
simplifies the stress analysis. By comparing thpeexnental crack propagation with the
evolution of the calculated mixed mode stress sitgrfactor, the stability of the short crack
arrest methodology has been evaluated. The expetsmwere carried out using a well-
defined low carbon steel has been studied in dalprovide the material parameters required

for the analysis.
2. Experimental procedure

2.1 Test system
The experimental setup used in this study is basedl fretting device rigidly mounted on to a
servo hydraulic test machine (Fig.1). Further detaif this setup and the experimental

methods used can be found in [8, 15].

measured
tangential

cylinder
displacement &* 52100
contact
length L

o plane
samples
Fn -
tv X
normal — fretting
force scar
Y plane
sample
measured 7
FIXED MOVING| tangential
force Ft

/7777777777777 imposed
displacement

Fig.1. Schematic of the fretting test device arfthd®sn of the loading directions.

A partial-slip cylinder-on-flat contact configurati was used. Fretting was applied by
imposing a nominally static normal force,, Followed by a purely alternating cyclic
displacement amplitude®l(). As a consequence an alternating cyclic tangelota (k) was
generated on the contact surface. During a tgsk Bndd were recorded, from which the-

F; fretting cycle can be plotted; this cycle is cluéeazed respectively by the tangential force
() and slip displacemendy) amplitude. The radius of the 521000 steel cyind R = 40
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mm and the pad length L = 5 mm, giving plane stcanditions near the central axis of the
fretting scar (Fig.1b). The normal load was keptstant in all tests at P7E= 540 N/mm,
equivalent to a peak contact pressugeop 700 MPa and a contact half-width, a, of 500. um
Fretting tests were performed under constant-aogditlisplacement at a frequency of 40 Hz.
Note that under stabilized (steady state) parfigl @onditions, a quasi-linear relationship
exists between the displacement and tangentiaé faneplitude. By exploiting this behavior,
the imposed displacement amplitude was adjustegndmitor constant tangential force
amplitudes (Q* = FL).

2.2 Material

The material used for the plane specimen was aton steel alloy AISI 1034 which, after
a specified heat treatment, provides the mechaairdlfatigue properties listed in Table 1.
An extensive fatigue investigation of this alloysyareviously performed by Gros et al, under
various stress ratio conditions, to evaluate tlosue effect on short crack propagation [16].
The fatigue limit, o5 , and conventional long crack threshokk,, under a fully reversing
load (R= -1) are used to represent the frettingditam. Chromium 52100 steel was chosen
for the cylindrical counterbody in order to enswifastically similar conditions whilst
simultaneously ensuring that cracks arose onliz@AISI 1034 specimen.

Table 1 : Mechanical properties of the materials

Materials E(GPa)|v | gy (0.2%)| OuTs(MPa)| og (MPa) | 2Ko(R=-1)
(MPa) (R=-1, 10 | (MPaim)
cycles)
AISI 1034 [16] 200 0.3 350 600 270+ 10 71
(plane)
52100 [8] 210 0.3] 1700 2000
(cylinder)

2.3 Contact configuration and post-test investagati
Figure 2 shows the detailed contact geometry udadorder to minimise edge-effects, the

contact pad thickness and the transverse widthefptane specimen were machined to the
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same dimension. Hence, whilst the side faces ottmact are traction-free, approximately
plane-strain conditions are present along the damteof the contact. This means that the
pressure distribution decreases from a maximumevalong the central region to a lower
value towards the contact ends and eliminates @aegsssingularity problems [17]. Finally,

the surfaces in contact were carefully polished toirror state (Raround 0.05um).

L=5mm o
cylindrical pad
(52100)
Rx
40 /77’77
—b‘—d—
L=5 mm specimen
(AISI 1034)

Fig. 2 : Detailed geometry of the contact.

After each fretting test, the following procedur@aswsed to measure the crack depth and
angle below the surface: the dimensions of théifiggscar were recorded and a section taken
to reveal the x-y plane (Fig 1) running through teatre of the contact zone. The cut section
was then polished and, from photographic imagethefcross-section, the crack length and
angle were measured.

A representative optical cross-section of frettiergicks is shown in Fig.3 and a single
dominant fretting crack is clearly visible. The exise of 8 cracked fretting scars obtained
between 205 and 290 N/mm linear tangential forcelimaes concludes that the crack
nucleates at the contact edge and propagatesliyndéitaan angle of about 30° + 3 to the
normal to the surface. The contact edge locatia been confirmed by expertizing quasi
undamaged contacts (i.e. incipient crack nucleatiorshort crack situations). It must be
outlined the difficulty to relate the crack locatidor long crack situations. Indeed, the
presence of a long crack through the interfaceifssggntly modifies the contact compliance
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which promotes a significant increase of the cdrdaea and complicates the analysis. Hence
a crack initially nucleated at the contact bordesa successively be observed through the
inner part of the contact. In the present invesitgathe crack propagation range is limited

and the contact edge localisation has been cordiemen for the longest crack situations.

—

Fig. 3 : Optical of cross section along the centxaf plane of the fretting scar

(P= 540 N/mm, Q*=282 N/mm, 10° cycles); by : €xperimental maximum crack length.

3. Friction and cracking analysis

3.1 Identification of the friction coefficient dte sliding transition

The stress analysis of the crack is critically etiéel by the value chosen for the friction
coefficient. Hence, it is important to identify thexolution of this parameter value as a
function of number of cycles as well as any spatslation. Different approaches have been
developed to achieve this [7, 18]. However, a restuidy shows that the friction coefficient
measured at the transition between partial andsgstip conditions () may be used to
provide representative value of the friction unpartial slip condition (i.e. g5~ L) [19]. TO
determine the sliding transition of the studiedteot) a variable displacement method was
used [19]: the normal load is kept constant whetkagelative displacement amplitudi)(
starts from a very low value, imposing a clear iphdlip condition (with Q*<u.P). When
stabilized conditions are reached, is increased and then maintained constant untiew
stable situation is reached. The imposed displanend¥ is increased in this way, step by
step, until the contact makes the transition wirsj (Q*=u.P) (Fig. 4).
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Fig. 4 : lllustration of variable displacement methapplied to the contact conditions studied
(see the text for detail). The ratio Q*/P is inased until a stabilized gross slip condition is

just reached. The energy ratio A is computed amibéx a discontinuity at the transition.

An accurate value fod* at the transition is then calculated by computihg value of the
energy sliding criterion A = fE;, where. K is the frictional energy dissipated during the
critical cycle, and E= 4.Ftd* the total energy, i.e. the external work done]J18 has been
shown that this ratio is a constant value for tpkese/plane configuration and related to a
discontinuity in slope for the 2D cylinder/planenfiguration (Fig. 4.) [19]. By identifying
such a discontinuity the measured transition annbditd;, and the friction coefficient at the
sliding transition can be identified. Several testye performed which suggested=.0.9+
0.05 may be taken as representative of the stadil/dSI 1034 / 52100 partial slip friction
coefficient.

3.2 ldentification of the number of fretting cycéessociated with the crack arrest condition

In using the self-arrest model, we must be suréhefnumber of cycles needed to grow a
crack to the point where the crack tip stress sitgrfalls below the threshold value. An
initial series of nine tests was performed at ageatial force amplitude of Q* = 283 N/mm

equivalent to 56% of the sliding transition tanggrforce.
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Each test in the series was stopped at a diffenemiber of cycles, ranging between 2.5 % 10
and 3 x 16. Figure 5 shows the evolution of the maximum criggigth with the number of
fretting cycles for this series of tests. It maydsen that the crack length does not appear to
increase after flfretting cycles, reaching a stabilized value. Ttue was therefore chosen
as the critical number of cycles to achieve thelciarest condition in the remainder of the

investigation.

=
Q
o

stabilized crack extension

]
.
\
‘>
.

@
=}
Y
\
*

N
o
~

v limit number of fretting cycles
to reach the max crack length

maximum crack length b (um)
3

o
o

500000 1000000 1500000 2000000 2500000 3000000

fretting cycles

Fig. 5 : Evolution of the crack length versus tredting cycles (P = 540 N/mm, Q*= 283
N/mm). The maximum crack extension below therfgettontact (b = 75 um) is reached after

about 16 cycles.

3.3 Evolution of the crack propagation as a functad the tangential force amplitude.

A second series of fretting tests was performed¢mtify experimentally the crack length
after 16 cycles as a function of the applied tangentiatéaamplitude (Q*) and the results are
shown in Fig. 6. An approximately parabolic depemdewas found, from which the critical
tangential force amplitude associated with thelcraccleation (@ 205 N/mm, when &=0)

could be estimated.
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Fig. 5 : Evolution of the maximum crack length itiféed after 16 fretting cycles versus the

applied tangential force amplitude (P = 540 N/mr@® dycles).

3.4 Morphology of the cracks

Before undertaking the crack propagation modelihgs desirable to examine the crack
morphology and, in particular, the crack locatiow @rack propagation direction (Fig. 3). A
systematic study concluded that, under partialaipditions, the crack initiates at the contact
edge and propagates inwards at an angle close®#3 89 the surface normal. This relatively
narrow angle is not usually observed under frettfaggue conditions because of the
dominating effect of the bulk loading, not preskate, but means that a mixed mode crack

analysis is certainly required.

4. Modelling

4.1 Subsurface stress field analysis

The conditions chosen for the fretting fatigue testre such that linear elastic fracture
mechanics contact analyses were appropriate.. dthegalius, R, normal load P and specimen

thickness were defined so that each solid coulddresidered as an elastic half space, and

hence the solution for the pressure distributiors Wartzian [17]. Similarly, the subsequent
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application of an alternating tangential force gav® to a symmetric shear traction
distribution that is similar to that described bgttaeno, Mindlin and Deresciewicz [17, 20].
A central stick zone|(<|<c) is bordered by regions of microslip. In the altsef an
externally-applied fatigue stress, the offset adiom to the stick zone position is not required
[5]. Also, the contact half width, a, is small coangd with the specimen thickness, T, (&/T
0.05) so that no thickness correction [5] is needed

Hence by combining the state of stress due to coptassure (subscript n) and that due to the
applied shear (subscript t), the latter obtaineihgushe sliding solution with a corrective
shearing traction in the stick regioms"( ¢'j) [21], the total stress field developed below the

surface when Q(t) = Q* is given by

C O [ e D
Oy (XY) = Po —— 5y S (1)
0 0 0

surface
pressure field , pO
p(x)

surface
shear field

ax)

sticked
zone

sliding
zones

Fig.7 . lllustration of the partial slip cylinderfane contact loading when Q(t) = Q* (c/a
=0.5, 0 =0.8)

4.2 Stress intensity factor

Crack tip stress intensity factors were found ugdmgiributed dislocation method which is

described in detail in [22]. The technique emplBy®ckner’s principle [23] which is simply

10
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a superposition principle. Suppose a cracked bedyibjected to contact loads as depicted in
Figure 8. A problem equivalent to the original webble the superposition of (a) and (b) where
(a) represents the body without a crack subjecieti¢ contact load and (b) a cracked body
devoid of contact loads but crack line traction amgar equal and opposite to the stress
components along the line of the crack so that aftenming (a) and (b) the crack faces are
traction free. Note that in following this apprbawe are implicitly making the assumption

that the effect of the crack on surface displacamensmall, so that the surface tractions

remain unchanged by the presence of the crack.

(b)
Y,
+ - "
COBINCE
\* 2

Fig. 8 : Bueckner's principle: (a) Body without dkasubjected to contact load, (b) cracked
body devoid of external loads but with crack lirection and shear equal and opposite to the

crack line stress in (a).

In contrast to an earlier analysis [7, 11], thesprd investigation clearly requires a slant crack
description. Therefore a transformation of stremmmonents is needed in order to determine

the unsatisfied tractionso(,, o;) present along the crack faces. Since, when @)lanare
combined, the crack faces have to be traction \reedistribute both climbij) and glide

(bg) displacement discontinuities (or "dislocationgilpng the crack so that the stresses

induced G,y ,3,, ) cancelo, ando; (Fig. 9).

11
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KI’ KII

Fig. 9 : Slant crack analysis using climb and glaislocation distributions to cancel the

unsatisfied crack face tractions using Buecknarfgesgposition principle.

Summing the effect of all the distributed dislooas, we obtain expressions &y, and G

as function ofb; andb;, under plane strain conditions:

C _fbs @K (xe)+ by K N (x.e)}

% = o)

and

515 = — 2 {br K S (x,8)+ by ()K S (%)} )
Yo an(v+1) xR YRRy A

with G andv the shear modulus and the Poisson coefficients.

The functionK ', Ki', K3, KPare the kernels established by the above method. Th

expressions are lengthy and will not be reproduoe@d but can be found fully detailed in

reference [22, 24]. In contrast to the normal kry@ach component of the dislocation induces
both shear and direct tractions, so that the swiatior the mode | and |l stress intensities are
coupled. The integral equations expressing theimeaent that the crack faces be traction

free are :

os(x)+

m{iBg(e)Kg(“x,e)de+ Esy(e)xg(x,e)de} ~0

12
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b b
on (2)+#G+1){£B;((e)KQ (Ax,e)de+(j)By(e)K§' (“x,e)de} =0 @)

wheresg(%)and oy () are the resolved shear and normal componentseo$ttiess tensor
o(x,y)in the (x,y) coordinate of the system. It is not possible tives the equation

analytically but powerful numerical quadratures gikeen in reference [22, 24].
4.3 Definition of an effective stress-intensitygarmparameter

Because of the compression field imposed by thenabcomponent of contact loading a

significant element of crack closure is expecteler&fore a critical issue is the effective

stress-intensity range. Most previous frettingdiaéi studies consider a pure mode | stress

intensity factor associated with a simplified sengrack initiated at the contact edge, and

which propagates normal to the surface [7, 11]. plesent experiment generates a crack at

the contact edge but propagating obliquely. Figl®eshows the normal stress component

present along the line of the largest experimesradk detected.

[EnY
(=
o
o

800

600 |-

400

200

normal local stress, oy (MPa)

0 1 1 L
0 20 40 60 80

local crack axis, X({1m)

Fig. 10 : Maximum normal stress during the frettoygle imposed along the crack axis for
the maximum crack length experienced (trailing ed@fe= 283 N/mm,6 =30°, b= 75 pm).

A tensile stress state is present at the traildgeevhen the shear force is at a maximum (Q(t)

= Q*) which suggests that (for short cracks attletiee crack is open throughout its length.

13
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However, when the shearing force is directed in dpposite sense (Q(t) = -Q*) a pure
compressive stress state along the correspondang tine is generated. This isn’t true at the
surface, of course. Such a negative stress ratiditton, permit to consider the usual Elber's
hypothesis that the effective mode | stress intgnsinge can be reduced to the maximum
stress intensity value (i. &K joff = K max ) [16].

In the experiment, the normal load is static, wherhe tangential load varies. Therefore, an
effective mode | Stress Intensity Factor (SIF) eangay be obtained from the superposition
of the contributions from the normal (P) and shHé€arloads:

DK gt = K jmax = KT + K< 4)

Similarly, the alternating tangential force defirremode Il SIF range as :

AK jep = KT -K;Q=2K @ (5)

It should be noted that here we are making theiai@lssumption that crack face friction is
small (i.e. that mode Il loading of the crack isffacted by contact of the crack faces).

Two specific crack angles have been studies: Aas#hend = 0, and case B, whéh= 30:
AKef A =DBKjep (8=0) (6)

AKef g = AK e (6 =30°) (7)

For the latter case we define a resultant effectivess intensity factor, based on the usual
identity for the strain energy release rate:

AKetf ¢ = \/AKIZeff +AKfer  (8=30°) (8)

The different effective stress intensity range folations versus the normal projection of the

crack length are compared in Figure 11.

14



Published in Engineering Fracture Mechanics, 20@8, 75, p. 1605 - 1624ttp://dx.doi.org/10.1016/j.engfracmech.2007.06.011

effective stress intensity range (MPavm)

0 2;) 4'0 elo 80
normal projection of the crack length, b' (um)

Fig. 11 : Comparison of the effective stress intgmange defined in equations (6) to (8) as a
function of the crack length (i.e. reported as tioemal projection along x b' = b [&os(6) )

for the longest experimentally observed crack limgiedge, 1Bcycles Q*= 283 N/mm,

8 =30°, b= 75 um).

Previous investigations show that under uniformessrfield AKe o and AKgy g
evolutions are identical [24]. The observed diffexe between these two quantities in Fig. 11
is only caused by a difference in the stress figldssed by the two crack paths (i.e.
8 =0ando = 30°). For a positive angle, the crack is crossingemmmpressive stress field
generated below the contact interface, hence arleteess intensity factor results. From the
resuls shown in Fig 11 it is clear that a simpledend computation taking into account the

crack orientationAK ; could result in underestimation of the true striggensity value

(i.,e. a degree of non-conservatism). In contragbuge mode | analysis combined with a
normal crack path assumptio® € 0) tends to overestimate the calculated stress sitjen
factor, particularly for longer cracks. This magadl to overconservative design. The

AK ¢ ¢ evolution lies between the other two. By using i@ crack path it represents the

stress experienced by the crack more accuratetiudimg the mode Il contribution using the
approach given in equation (8) through its formaolatit provides the largest of the three
values for short cracks. It should be noted, hamethat the difference between the
formulations for short cracks is relatively smatidamay justify the practical application of

the normal crack approximation in some circumsta(®é .« A)[9, 11]. However, the

15
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present analysis will nevertheless use the mixedemiormulation @K ¢) using the

following notation:

_ _ 2 2 _ ane
AK gf = DKt ¢ = \/AK leff +AKierr (8 =30°) 9

4.3 Short crack methodology

Examination of Fig. 11 suggests that crack propagatay take place in the short crack
regime when the effective stress intensity facémges is less than the long crack threshold,
AK . We therefore intend to apply the short crack apgh, introduced by Araujo et al for
fretting fatigue conditions [9]. The starting poistthe Kitagawa and Takahashi diagram [13]
which shows that many materials exhibit a long kitheceshold which is independent of crack
length. However, the K-T diagram also shows thaicks can propagate #iK < AKj
provided that the stress is high enough. In a umfstress field, such short crack behaviour
may be interpreted as requiring that the appliedsstrange is greater than the establish

fatigue limitoy . As a first approximation the transition crackddn(by) between short and

long crack regimes can be extrapolated by equétiese two conditions:

AKO =112 B)'ﬂ l“’[[bo (10)
hence,
2
1 AK
bn = — _ 2o
" n E{ 112 oy J (11)

For the alloy used here, this gives ® 170 pm (sincak ,= 7 MPa/m). Following the
approach adopted by Aradjo et al., we choose tonaeathe propagation of the crack in the
modifiedK-T diagram (i.e. wher&K rather than stress is plotted agaibst This is clearly

easier to use in the case where the stress is m@orma. Hence, the threshold stress,

AK,, sc is given by

AK hsc = AKg D,/bi b < b
0

AK thSC = AKO b > bo (12)
Based on this description, the two quantitiées ,, andoy;; may be regarded as being the

fundamental material properties needed to desdhbecrack growth under both long and

16



Published in Engineering Fracture Mechanics, 20@8, 75, p. 1605 - 1624ttp://dx.doi.org/10.1016/j.engfracmech.2007.06.011

short crack regimes (Fig. 12). The transition creigth, by, may be derived directly from

these quantities using equation (11).

5. Results and discussion

An example application of the short crack arresdlysis described above is illustrated in
Figure 12. The calculated evolution of stress isitgnfactor range for the most severely
loaded contacts studied (P= 540 N/mm, Q*=283 N/nsngompared with the short crack
threshold obtained from equation (12).

o
= crack
S 7°F propagation |
o |
\E_, | AKCA, exp |

6 - - - |
g o< A I i
c R Ao RN R be-s i
S 5F crack |

|
> arrest i
7 4 11 i
= i
@
.E |
-3 short |
3 : crack +
= 2r H Lo
3 : domain |
o oo !
=2 17 : :
3] beaexp | | Peasc by,
D LN Y L
o © -
0 50 100 150 200

crack length, b (um)

Fig. 12 : lllustration of the fretting crack arresinalysis = crack arrest boundary

defined from the short crack formulationk y,sc (EQ. 12); = =  Evolution of the

calculated effective stress intensity rantje .+ as the function of the crack length b (P= 540

N/mm, Q* = 283 N/mm),‘ : Experimental crack arrest conditioncdeyxs maximum crack

length observed after @retting cycles);<> . Crack arrest condition predicted by the short
crack arrest approach @ s¢ crack length defined from the intersection betw#e fretting

crack propagation path and the short crack arrestitdary).

It will be seen from Fig. 12 that for this case #perimentally observed arrested crack

length (lzaexp IS reasonably close to that predicted by the tsboack arrest approach
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(bcaso). To evaluate the more general applicability & short crack arrest methodology the
previous analysis has been generalized to all #perenents studied and the results are
presented in Table 2. It will be apparent that élkperimental values and the predictions
follow the same general trend, but that the shiatlc approach appears to over-predict the

experimentally observed crack lengths, in someschge significant amount.

Table 2 : Crack arrest parameters correspondinghi fretting conditions studied (P =540
MPa, i = 0.9); Baexp 8K ca exp » Peasc AK ca sc - defined in Fig. 12i0ym,ci - Maximum
Von Mises stress (i.e. before crack initiationjreg crack initiation point induced by the

contact loading;ovm.ct: Maximum contact Von Mises stress at the pointesgonding to the
arrested crack tip .

Q* owmci /Owmct | Beaexp | AK caexp beasc | AK casc | Peasc-Peaep
(N/mm) (MPa) (Um) | (MPam) (Hm) | (MPaVm) b E(’;/E;P
0
206 729 / 564 0 - - - -
242 790/ 442 14 4.28 54 3.94 284
243 847/ 285 28 4,98 72 4.62 157
278 850/ 285 7 5.49 93 5.18 21
280 850/ 338 61 5.80 94 5.26 54
282 853/ 376 52 5.92 95 5.28 81
283 854 / 298 75 5.68 96 5.30 28
1.2
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Fig. 13 : Normalised stress intensity factor (St&hge plotted against crack lengthsm——
theoretical maximum crack extension defined frdrartscrack approach using nominal

material parametersgK o = 7 MPa/m, by=170pm)(Eq. 12); — — theoretical maximum
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crack extension obtained using modified parametars, =6MPa/m, by=43um) (Eq. 12)‘

Fretting crack experiments modelled using the thated dislocation method.

Figure 13 displays the experimental crack leng#rsws the computed stress intensity factor
range. Here, a rather more encouraging picture gaserit may be seen that the experimental
arrested crack lengths follow the same generakpa#s predicted by the short crack arrest
approach, but that the values K , andb, appear to be lower than those used for the short
crack analysis. It may be seen that the experiahdrgtting SIF ranges converge to a 6
MPVm value which is very close to the referensie,= 7 MPVm threshold. Given the
difficulty in obtaining a reliable value fatk, from conventional experiments (see, e.g. [25])
this does not seem an excessively large discrepdndged, the value 6 M is (just)
within the range of uncertainty given in [16] (s€able 1). A much larger difference is
apparent in § where it appears that a value of aroungim5is required to explain the

experimental result, compared to 170um obtaineoh frmminal material properties\f, ,

or) and equation (11). At first sight it would appé#aat such a large discrepancy is difficult
to explain without resorting to an argument thadetsal factors’ must apply in a fretting
situation. However, it is appropriate to consitex form of equation (11), where it will be
seen that pis obtained fromak,, og, and the conventional geometry factor for stress
intensity factor by combining these and squarirggrésult. Each of these quantities is subject
to some uncertainty and the power of two exaggeithaie effect. Thus, if the modified value

of 6 MPVm is accepted fonk y, the predicted value fopkwould fall from 170um to 125um.

Nevertheless, to obtain a value ferds 45 um would require a fatigue limit in the region of
450 MPa, which seems unlikely when compared teperimentally measured value of 270
+ 10 MPa ([16], Table 1). It may be, of courset thaspite the initial investigation shown in
Fig. 5, the chosen value of°16ycles was not sufficiently large to representested crack,
particularly when one considers the very low crackpagation rates likely in the near-
threshold regime.

It is perhaps tempting to define a special frettiatigue long crack thresholdgpbut the
physical grounds for doing so are rather limited #re experimental evidence presented here
is somewhat limited. Hence, we restrict the disicusbelow to the conventional short crack

value of 3. This is, of course, more conservative and hgmtentially very useful for safe
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design in the presence of fretting fatigue. Weusthoecognise, of course, that the approach
we have followed is purely elastic whereas in pcagtsome plasticity may be present. To
assess the potential importance of plasticity, \kMises stresses induced by the contact
loading at the crack initiation pointiu c) and crack tip év c1) points have been computed
and reported in Table 2. When compared to thedysttess of the material (Table 1) it
appears that the crack nucleation point will exgreze a considerable degree of plasticity,
although, due to the severe drop of the contaesstfield below the surface, the crack tip
point is located in a nominally elastic region. ldena purely elastic model such as that used
here would overestimate the stress intensity fagarticularly for small cracks and would
account for the calculatefilK values for the experimental cracks lying abowve tireshold
curve in Fig. 13.

A further consideration concerns the crack modeglliprocedure itself. The applied
methodology is in fact an uncoupled descriptiorth&f cracking process: The contact stress
field is first computed assuming Hertzian / Mindtiontact stress fields and the crack analysis
is then carried out using Bueckner's principle.réfae, it does not capture the alternations to
the pressure and shear tractions induced by tleepece of a crack. A coupled elasto-plastic
model, perhaps obtained using FEM would providecaentomplete physical description of
the situation. However, such an analysis would ireqeomplex and time-consuming
computations are difficult to justify, particularifya simple conservative design approach is
required.

Finally, by applying the short crack descriptionsci#bed above an inverse numerical
procedure has been developed to predict the maximnaick length as a function of the

applied tangential force amplitude (Fig. 14).
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Fig. 14 : Normalized representation of the maxinmarack propagation as a function of the
imposed tangential force amplitude for the frettamptact studied ( AlISI 1034/52100
(cylinder), P = 540 N/mm, ¢g 700 MPa, a=500um, n=0.9)4 : fretting experiments;

—— : Theoretical boundary derived from an inverse @agh combining the modelling of

the slant fretting crack and the short crack arrapproach.

As expected the prediction is conservative (ilee dbserved crack lengths are systematically
smaller than the computed ones). It also sugdleatsa unique crack propagation description
is not pertinent for the very short crack domaion®ining the current approach with a crack
nucleation method, applied to the shoter crack dioroauld provide an interesting approach
to fully describe the fretting cracking processthis method, a second crack length variable,
defining the transition from initiation to shortack propagation () is required. Thus there
will be a three stage crack history described leyrthcleation regime (i.e. b <d), the short
crack propagation regime (i.esd<b< ky), and long crack behaviour (i.e; ¥ b). Future
developments may need to focus on this more compledel. However, the approach
described in the current paper provides a simgliffetial description of fretting crack arrest
and permits a quantitative investigation of pregiaxperimental work on this topic (e.g.

[26]). It is also expected to favour the couplingaklysis between this plain fretting test
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condition and the usual fretting fatigue configioatwhich combines heteregeous fretting
and homogeneous fatigue stress fields [27-30].

6. Conclusions

A combined experimental and modelling investigati@s been undertaken to investigate the
maximum extent of crack propagation under plainincidr/plane partial slip fretting
conditions. The following conclusions may be drawn:

- The material studied displays crack nucleatiothatcontact edge with a propagation angle
of approximately 30° in the partial slip regime.

- Crack growth appears to arrest after approximgaté fretting cycles,

- An analytical model has been implemented, basea combination of Mindlin's partial slip
formalism and a slant crack description using @ispment discontinuities. This has shown
that a mixed-mode formalism provides a more raalidescription of the fretting cracking
process. However the relatively small differenceesbied between this model and the simpler
normal crack description, suggests that this ldtenulation, may still provide a useful tool
for assessment of fretting fatigue cracks.

- The short crack arrest method, initially applfedfretting fatigue endurance predictions by
Araujo et al., has been extended to predict theiiax fretting crack extension. The model
appears to provide a systematic overestimatiorhefarrested crack length. However, the
magnitude of the discrepancy decreases with incrgasrested crack length. Some of the
difference may be attributed to uncertainties im tieasured material constants and it is also
likely that a degree of plasticity is present i taxperiments which is not captured in the
model. It is concluded that the short crack metthagly is a potentially useful approach for
providing conservative predictions of fretting dceng.

- The stabilization of longest fretting cracks I ranges similar to the conventional long
crack arrest thresholdyK,, suggests a correlation between fretting crackirecesses and
classical fatigue description. It also supports #iraujo et al. conjonction that a specific
fretting long crack transition should be considetegrovide more precise prediction of the
crack arrest condition.

- Based on the conservative predictions providedhgyshort crack arrest methodology, a
specific formulation has been implemented to ptetie arrested fretting crack length as a
function of the applied contact conditions. Reabtmaagreement is found with between
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experimental and predicted results. It was nevlsiseconcluded that an approach based
solely on crack propagation not sufficient andsitherefore suggested that crack nucleation
must be included in order to fully describe theckmag process. Hence, a second crack length
variable (Bc) has been introduced to formalize the transitimmf crack nucleation to short

crack propagation.

Finally, it could be outlined the potential intere$a combined analysis between complex but
practical fretting fatigue test configurations amere precise but systematical crack arrest
plain fretting test situations. However such a pecsive is directly related to the development
of more complete modeling of the fretting crackprgcesses involving better considerations

of contact plasticity and coupled crack/contactriattions.
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