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Abstract: Fretting-fatigue damage often appears in shrink-fitted assemblies submitted to rotating
bending. This paper focuses on the influence of the sleeve edge geometry on such damage.
Rotating bending test have been performed with shrink-fitted assemblies. Observations of broken
and unbroken specimens confirmed the fretting-fatigue phenomenon, and provided a better
understanding of the crack nucleation process. A 3D finite element method model was developed
to evaluate the sliding and opening lengths A sequential tribological - fatigue stress analysis
strategy allowed the prediction of the maximum crack location (Xp,,. Ruiz criterion) then the
estimation of the fatigue endurance of the assembly using the SWT criterion. The last step of this
oswr (Xrmax) @pproach considers the presence of a debris layer within the contact to improve the

consistency of the service life prediction.
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Nomenclature

a (um) Crack length
C10 Name of the specimen geometry showing a 10 mm fillet
d (mm) Distance between to the contact border, along the shaft axis
F (N or kN) Bending force
h (um) Debris additional thickness entrapped within the interface
hw (um) Worn thickness (Third Body theory)
Rexp (HM) Measured additional thickness of the debris layer
hpum (UM) Maximal additional thickness of the debris layer in the simulation
hip (UM) Third body thickness (Third Body theory)
Nip.ss (LM) Steady state third body thickness (Third Body theory)
Li (mm) Length of zone |
Ly (mm) Length of zone II
Ly (mm) Length of zone IlI
Nc Loading cycles at failure (Au = 10%)
Prom (MPa) Nominal contact pressure
R3 Name of the configuration geometry showing a 3 mm radius round
u (mm) Deflection of the specimen (measured at mid-length)
Xrmax(mm) Position (i.e. distance from the contact border) where syt IS maximum
a Angle between the crack and the normal to the contact surface
Aret (LM) Diametric interference
ds(Um) Sliding distance during a loading cycle
€, Strain amplitude imposed to the critical plane n
Aret (LM) Diametric interference
0,(MPa) Principal stress
Onmax(MPa) Maximum normal stress imposed to the critical plane 7
04-1(MPa) Alternated traction - compression fatigue limit
oswr(MPa) Smith-Watson-Topper equivalent stress
Oswt Xrmax) (MPa) | SWT stress at the Xr,,4, pOSsition
,(MPa) Surface shear stress
14 (MPa) Torsion fatigue limit

' (MPa?xmm)

Ruiz Parameter

Tswr(MPa)

Smith-Watson-Topper parameter

o (um®/cycle)

Debris flow (Third Body theory)

1 INTRODUCTION
Fretting is a contact damage which occurs when two surfaces are kept in contact while having a

relative oscillatory motion [1]. It may lead to wear, crack nucleation and propagation. Combined

with bulk fatigue, it may lead to early breakage of the damaged part. The so called fretting-fatigue

damage can lead to a sharp reduction of the assemblies lifespan [2]-[4].




Interference fitting is usually used to fasten two axisymmetric tight-mating parts. This kind of
assembly may be subjected to fretting-fatigue, as it has been reported in rail transportation [5]-[8],

wind turbines [9] and naval transmission axles [10], [11].

This paper focuses on the latter case. Shrink- fitted assemblies are commonly used in fluid
bearings to ensure dry environment within the component. These shafts are subjected to bending
due to the weight of components. The bending of such assemblies leads to small slips between
the axle and the sleeve. Since the shaft rotates, a rotating bending load is applied and may lead to

fretting-fatigue damage.

.

Fretting
Damage

contact border

Fig. 1: Fretting-fatigue between sleeve and transmission shafts.

Slip occurs at the borders of the contact, near the edges of the sleeve (Fig. 1). At this precise
location in the shaft, fretting-fatigue can initiate cracks, which can propagate, due to fatigue

loading.

The main objective of this paper is to predict the failure risk on shrink-fitted assemblies under
rotating bending. The studied case will feature a bronze sleeve and a steel shaft. Moreover, the
nominal contact pressure studied here, below 30 MPa, is significantly lower than most other cited
applications [3], [5], [7], [8], [10], [11], generally ranging from 70 MPa to 247 MPa. Beside, since
the sleeve edge geometry highly influences the contact pressure profile and therefore the fretting
stressings, there is a crucial interest to optimize this latter in order reduced the fretting fatigue
cracking risk [2], [3], [5]-[8]. Moreover due to the relative sliding at the contact edges surface wear
damages are occurring modifying the local contact geometry, the stress filed and finally the fretting

fatigue cracking process [12].

These various aspects will be investigated developing an original experimental-numerical

strategy including the following steps:

o Design of a representative test bench, including specimen manufacturing and shrink fitting



. Study of the influence of the sleeve edge geometry regarding the endurance in fretting-

fatigue
. Analysis of damage
o Introduction of a simple modelling strategy based on a sequential tribological-fatigue

analysis to predict first the crack nucleation location and then the fatigue endurance. This
approach will consider the third body layer generated between the sleeve and axle, which was

shown to dramatically influence the distribution of contact stresses.

2 EXPERIMENTAL PROCEDURE
2.1 Materials

Steel shaft

The axles are made of 16MND5 bainitic steel Table 1), with former austenic grains of
approximately 35 um (Fig. 2). An analysis of the very same material has been published by
Petureau et al. [13]. Its composition is detailed in Table 1. The Young's modulus is Egeel = 210
GPa, and the ultimate tensile strength R, = 652 MPa. A Poisson’s coefficient vy = 0.3 was
considered. Fatigue tests under fully reversed loadings yielded the endurance limits in torsion: tq ,

and in tension: o4, (not provided for confidentiality reasons).

Fig. 2: Microstructure of the bainitic steel, SEM, SE, after polishing and a 10s Nital etching.



Table 1: Chemical composition of the 16 MND5 steel in mass percent.

C Si Mn P
<0.2 <0.4 1.15to 1.55 | <0.025
S Ni Mo Fe

<0.01 1 0.5a0.8 | 0.45to 0.55 | balance

Bronze sleeve
The sleeves are made of CuSnl12 bronze, whose composition is detailed in Table 2. The elastic

properties considered are: Epronze = 110 GPa and vponze = 0,3.

Table 2: Chemical composition of the CuSn12 bronze in mass percent.

Ni Pb Sn Zn Sh P

<2 [<25|10to13| <2 |<0.15 <0.6

Al Fe Mn S Si Cu
<0.01 | <0.2 <0.2 <0.05 | £0.01 | 83 to 87

2.2 Design and manufacturing of the shrink-fitted rotating specimens

Specimens consist in shrink fit assemblies of steel shafts and bronze sleeves, as displayed in
Fig. 3. The external diameter of bronze sleeves, Dextsieeve, IS 55 mm, while the internal diameter,
Dintsieeve, IS 45 mm. The whole inner surface of the sleeves is grinded to reach the specified
internal diameter. The steel shafts are solid axles with an external diameter Dspart ClOSe to 45 mm
and a total length Lspart Of 550 mm. They are turned and grinded to the proper diameter, in order to
be paired with the sleeves, while ensuring the right interference. Both the axle and sleeve grinded

surfaces display a roughness R, of 0.2 um.
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Fig. 3: Picture of the specimen a) and its design b), with c) the R3 and d) the C10 sleeve
geometries.

The two parts are then shrink- fitted using a dedicated apparatus (Fig. 4). The bronze sleeve is
heated by heating collars up to 300 °C, and the shaft is then inserted vertically at the right position,
using a hydraulic actuator. The process is sufficiently fast not to induce contact between the two
mating surfaces during the movement. The correct insertion of the shaft is ensured by a precise
positioning of the sleeve, and live measurement of the actuator displacement sensor. Once the

shaft positioned, the sleeve is cooled down by ambient air.

Sleeve

Heating
collars

Fig. 4: Shrink fitting apparatus, hydraulic actuator and heating collars.



As mentioned previously, the influence of the geometry of sleeve edges is of prime importance
[14], and will thus be emphasized. Two configurations have been used (Fig. 3). For the first one,
denoted as R3, the sleeve shows a 3 mm round at both inner ends, and the shaft is smooth. The
second one, denoted as C10, is obtained through a careful machining of an R3 specimen after
shrink fitting process (Fig. 3d). Cross section observations confirmed that the post C10 machining
process do not affect the shaft microstructure and the related mechanical properties. Moreover,
the domain of interest where fretting cracking is occurring (i.e. below the fretted interface), remains
far away from the post C10 machined surface. Special cautions were applied to ensure that the
contact length Lcontact remains the same for both R3 and C10 geometries (149 mm). The diametric
interference A is defined as the difference between the external diameter of the shaft Dghast and
the internal diameter of the sleeve Diysieeve. The diametric interference A (not provided for
confidentiality reasons) was chosen to ensure the desired nominal pressure pnom (i.€. pressure at
the centre of the contact after fitting), estimated using an infinite shaft and sleeve hypothesis [15].
The exact value of p,om cannot be provided for confidentiality reasons but was estimated below 30
MPa.

23 Rotating bending test bench

A three points rotating bending bench has been developed (Fig. 5). A motor rotates the
specimens under a constant bending load at a frequency f =15 Hz. Two rolling bearings are
situated near the ends of the shaft. A system of screws and springs moves the central rolling
bearing downwards, and thus bends the whole specimen. Hence the bending force F is applied
manually, but continuously monitored, using a force sensor. Moreover, a displacement sensor
measures the induced deflexion u of the specimen at mid-length. The rolling parts are water-
cooled. A LabVIEW® system is implemented to record the bending force F, the bending
displacement, u, and the angular position 6 (200 points per cycle). The number of rotations at

failure N is used to quantify the fatigue life.



cooling

rolling
bearing

7

lateral
rolling bearing

central

__ rolling bearing - diSplacement

Tael§

2

a)

bending force, F

motor 1 .i
T‘ =0

rolling rolling
bearing bearings
1
v
b)

Fig. 5: Rotating bending bench (sleeve-axle shrink-fitted specimen is rotating through 2 laterals
rolling bearing in contact with the axle surface and a central rolling bearing in contact with the
external part of the bronze sleeve): a) global overview; b) schematic of the kinematics of the test
bench.

A full failure of the specimen tends to deteriorate the fracture surface and the contact surface,
limiting the damage expertise. Therefore, the tests were stopped whenever the bending deflexion
increases by 10 % above the initial value. This corresponds to a crack extension longer than 20

mm, close to the shaft failure condition. The run-out value was fixed at 2.10" cycles.

3 FEM MODELLING
To better quantify the contacts loadings and successively predict the cracking a 3D finite element
model has been developed using Abaqus (v6.14.2) to simulate each experiment. This model

simulates the bending of the sleeve and shaft assembly. A bronze sleeve is fitted on a solid steel
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shaft Fig. 6. The materials are considered isotropic and elastic. Their mechanical properties were
mentioned in section 2.1. The first geometries are considered perfect, and do not consider wear. A
cross plane symmetry at the centre of the specimen allows a reduction of the size of the model. X

is the axial direction and Z is the bending force direction. Translation along X axis are hence

Z Cartesian
coordinate
system

X

blocked at the symmetry plane.

Distributed load = bending force
Cinematic coupling = rotula

0
Cylindrical
coordinate
system

<

(@)

(b)

Fig. 6: (a) 3D finite element model using a cross plane symmetry, with the two parts assembled;
(b) detailed of the mesh strategy of the FEA model.

Regarding the mesh, 8-node linear brick elements with reduced integration and hourglass control
(C3D8R on Abaqus) have been used. The mesh displays a 10° periodicity around the shaft axis,
and was refined near the interest zones (i.e. contact borders) to obtain 50x50 um element in the r-
x plane. The high aspect ratio, reaching 80 in the worst case (i.e. the refined zone for criteria
computation), does not influence significantly the stress computations. Indeed, a refined model
involving elements with aspect ratios of 40 and 20 in the worst cases was compared with the
actual model for the lowest loading condition. A difference of less than 0.1% on the axial stress
was found. This confirms the relevance of the given simplified model whose computation time
(shorter than 4 hours) allows a systematic analysis of all the experiments which was not possible
to address using the refined model.

The outer bearings are modelled as ball joints, with translation along x as an additional free
degree of freedom. The central bending force is applied through a so-called surface traction on a
32 mm band on the outer skin of the sleeve.



The first step of the computation (Fig. 7) consists in a fitting stage, using a repulsion sequence as
described by Lorenzo et al. [16]. It consists in the contact interaction being activated after the shaft
is fully pushed within the sleeve. It is followed by two complete reverse bending cycles. We
assume that the data extracted from the X-Z plane under alternating bending is equivalent to the
data for the same plane under rotating bending. The last cycle (between computation step 2 and
3, Fig. 7) is then considered for the stress and strain post processing analysis including the slip

and contact opening investigations (section 4) and the cracking simulations (section 5).

20

| analysis
' of stress&

lstrain fields .

15

10

]
!

2 3

bending force, F (kN)

-15 +

e Ees T .-

-20
computation step

Fig. 7: Time evolution of the bending force along calculation steps.

The contact is modelled with a friction coefficient of 0.8. This friction value was previously
determined performing plane (16MND5) on plane (CuSn12) fretting tests using the methodology
detailed in [17]. A penalty formulation was used to enforce contact conditions in both normal and
tangential directions. The comparison with an augmented lagrangian formulation in a simplified
loading case is used to determine the appropriate value of the Abaqus parameter named elastic
slip. A value of 0.1 um ensures precise results and avoid convergence issues. Hence, an interface
is considered sliding when the calculated sliding amplitude exceeds 0.1 um. Contact geometrical
smoothing has been applied to better capture the interaction between the two curved surfaces.

The shaft bears the slave surface.
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4 EXPERIMENTAL RESULTS

4.1 Comparison of the fatigue endurances

The test results are compiled in Table 3, and displayed in Fig. 8. The lives of C10 specimens
were at least 3 times longer than those of their R3 counterparts under the same loading. The
sleeve edge geometry thus has a strong influence on the sensitivity of the assembly to fretting-

fatigue.
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Table 3: Test results.

Sleeve Bending
edge force, F O0xx/04 -1 NS
geometry (N)
R3 18,000 0.48 1.78 10°
R3 15,000 0.40 2.83 10°
R3 13,500 0.36 1.35 10/
R3 12,750 0.34 6.76 10°
R3 12,000 0.32 >2,00 10’
R3 10,500 0.28 >2.00 10’
Cc10 18,000 0.48 4.30 10°
C10 18,000 0.48 5.33 10°
C10 16,500 0.44 1.25 10’
C10 15,750 0.42 1.87 10’
C10 15,000 0.40 >2.00 10’
C10 13,500 0.36 >2.00 10’
2.0E+04 0.6
186400 | @ AA 05 |
< jeer0a | . A, | eat
- @ SO
E 1.4E+04 \\\ ® % 03 t
00 - @ e o
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< j0(+04 | @ R3 0.1 A C10
A C10
8.0E+03 - - - 0 ' S —
1.E4+06 1.E+07 1.E+06 1.E+07
number of cycles number of cycles
a) b)

Fig. 8: Rotating bending tests results: evolution of assemblies fatigue lives a) with the bending
force, b) with the estimated axial stress range at the contact border divided by o4 ;.

A one dimensional model has been developed to allow a fast comparison of the local stress
ranges oxx between the two configurations, for a given bending load. It is based on Euler-
Bernoulli's beam theory, and does not consider the contact, but features a unique part, whose

sectional mechanical properties are derived from those of the steel shaft and the bronze sleeve.
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The stress ranges displayed on Fig. 8b are those of the axial stress 0, calculated at the contact
border (i.e. considering the shaft section). The figure shows that the endurance limit at 2.10’

cycles for C10 specimens is approximately 20 % higher than for R3.

Overall, as compared to conventional uniaxial fatigue, fretting-fatigue reduces the endurance limit
of the material, by almost 66 %. This endurance reduction is consistent with former results
obtained for similar test configurations, by Shu et al. [18] (reduction of 54%) or Lee et al. [19]
(reduction of 50%).

4.2 Damage analysis

Facture surface of a fully broken specimen

The R3 specimen submitted to F = 15 kN is used to illustrate the typical damage observed
following the rotating bending experiments. It fractured at N. = 2.83.10° cycles (Fig. 9), bypassing
the Au = 10 % stop condition. The main crack was situated under the contact, d= 3 to 4 mm from
the contact border, along the axial direction (i.e. d the distance from contact border toward the
inner part of the sleeve-axle contact). The fracture surface analysis Fig. 9 shows several cracks
nucleation sites, all over the perimeter of the shaft as also observed by Song et al. [5] as well as
Leidich et al. [8]. The initiation sites are located in various transverse sections, each small crack
then coalescing with surrounding cracks to form a bigger one. This indicates that crack nucleation

is caused by contact stresses distributed over a large zone.
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Cracking under the sleeve Fatigue crack zone Main crack nucleation sites

Secondary crack initiation sites Final failure

Fig. 9: Observation of a fully broken R3 specimen.

Contact surface damage

The C10, submitted to F = 15 kN, (run out at 2.10" cycles) was investigated to determine the
main characteristics of contact surface damage. The sleeve was cut open and removed. Three
zones were identified on the contact surface (Fig. 10a). The central stick zone (zone |) where no
slip occurs between the two part along the whole test has a bright aspect. Its length is denoted by
Li. Zone Il appears on both sides, and displays dark oxides, mainly magnetite (Fe3O,) as
suggested by the colour [20] and as confirmed by Raman spectrographic analysis (Fig. 10b).
Within this zone some slip occured between the two parts, but with a low oxygenation level. By
contrast, the oxides observed in zone Il display a higher level of oxygenation. Raman
spectroscopy indicates that it is mainly constituted of hematite (Fe,O3) appearing brown [20].
Debris and surface oxidation is due to the partial opening of the sleeve under bending, as
described by Radi et al. [21]. Because the lengths of zones Il and Il vary along the circumference

of the shaft, the mean size of the zone will be used below, and denoted by L; and Ly,.
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Fig. 10: a) Surface damage for C10, 15 kN, 20E6 cycles; b) Raman analysis in Zone Il and I
(Horiba XploRA, laser 633 nm).

The mean lengths of zones Il and Il in all the specimens have been compiled in the following
graphics (Fig. 11). The solid bars represent experimental data, whereas the dotted ones are the
numerical predictions given by the 3D FEM computation. For all configurations the sliding zone
length (I + 1), increases with the bending load. It is interesting to note that contact opening is
occasionally observed for R3 contact configuration but systematically observed for C10 contact
geometry. These experimental observations are consistent with the simulations which predict
contact opening only for C10 contact geometry. This can be explained by the fact that R3
configuration induces much higher contact pressures at the contact border than C10 geometry.
Hence it can be explained the occurrence of zone Il (i.e. low level of oxygenation=> Fe3;0,) and
zone Il (i.e. higher level of oxygenation=> Fe,03). Zone Il corresponds to the domain where

15



sliding is occurring (i.e. allowing debris formation) but the interface is never directly exposed to
ambient air leading to a lower level debris oxidation. By contrast, zone Ill involves contact sliding
and contact opening allowing a direct ambient air exposure which promotes a higher level of
debris oxidation. Confirming former literature works [21], both simulations and experiments
suggest that the higher the bending force F, the longer the total slip domain Lgip= Ly + Ly. The
comparison between the two sleeve geometries also indicates that for a similar bending force, the
total slip domain is longer for the C10 geometry than for the R3 configuration. To conclude, a
suitable correlation is observed between experiments and 3D FEM simulations which indirectly
support the relevance of the given FEM model as well as the friction value (i.e. p= 0.8) applied for
the computations.
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Fig. 11: Analysis of sliding zone lengths: comparison between experimental measurements and
numerical prediction for a) R3 specimens and b) C10 specimens.

Damage analysis on run out specimen

A protocol was developed to study the in-depth extension and location of the cracks in run out
specimens. After separation of the sleeve and the shaft, a transverse section of the shaft
containing the sliding zone Il and Ill was extracted (Fig. 12) and cut in several pie-like parts. Each
part was then mounted in epoxy resin and polished to a mirror-like surface. Each crack position in
terms of distance from the contact border d, as well as its length a and its angle a relative to the

normal to the contact surface were compiled (see Fig. 12).
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Fig. 12: Cross section expertise of specimens.

The crack expertise focused on the two run out specimens with the highest loads, i.e., R3_12kN
and C10_15kN. All the crack initiated from the contact surface, and 80 % propagated towards the
inner side of the contact, which is characteristic of fretting-induced cracking. Roughly, they display
a 45° a angle versus the normal to the surface, in accordance with the observations made by
Song et al. [5] and Zhang et al. [10].

Specimen R3_12kN exhibits nearly no zone Il (L < 0.5 mm). It means that bending and wear
were insufficient to allow an access of ambient air to the fretted interface. In this sample, all cracks
were located inside zone Il (see Fig. 13), with deeper cracks around d = 1mm, close to the contact
border. Although some of the cracks on Fig. 13a seem to be outside the average width of zone I,
they are in fact inside zone Il, whose local extension varies along the perimeter of the specimen.

By contrast, specimen C10_15kN displays a zone Il (Fig. 13b), in which no cracks were initiated.
Like in the previous specimen, all cracks initiated within zone II, with the deepest crack located

next to the outer border of the zone.
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Fig. 13: Cracks length “a” measured from the reference surface of the axle (see Fig. 12) as
function the axial distance from the contact border “d” (a) R3_12 KN and C10_15 KN.

Debris generated by friction between the two parts tend to stick to the axle surface. Due to the

contact configuration they are not ejected from the interface, and therefore they accumulated
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during the test. The powder structure and the oxidation process increase the specific volume
compared to the original materials. Hence the accumulation of this debris layer induced an
additional thickness within the interface, which potentially can modify the contact pressure
distribution, and finally the stresses. The estimation of the debris layer profile using conventional
surface profilometer for such contact configuration is particularly complex due the difficulty in
assessing the reference line of the sleeve surface. Therefore the thickness of the debris layer was
“optically” estimated from steel axle and bronze sleeves cross section observations (Fig. 12). Fig.
14 shows the debris layer thickness as a function of the distance from the contact border (heyp) for
the two geometries. Again some differences can be observed between R3 and C10 contact
configurations. For the R3 contact the maximum debris layer thickness (hexpmax = 30pum) is found
next to the contact border (i.e. around d= 1 mm). Then, the thickness decreases to a plateau value
hexp = 11pum which extends from d = 4 to 12mm. Then it finally decreases to zero above d= 15 mm.
The C10 contact displays a much more extended distribution of the debris layer thickness. It is
negligible from d=0 to 3 mm. Then it rises to a maximum value (heyxpmax = 25pum) around d = 7 mm,
to finally decrease asymptotically to zero when d= 22mm. These third body distributions will be
assumed stable, and implemented in the contact stressing analysis described below, to predict the

cracking processes.
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Fig. 14: Comparative study of debris layer height between specimen R3_12kN and C10_15kN
(the debris layer height is estimated from optical measurements of the cross section observations).
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5 FRETTING FATIGUE ENDURANCE PREDICTION

5.1 Crack nucleation modelling
To tackle the crack initiation prediction, two criteria where first considered. The first one is Smith-

Watson-Topper (SWT) [22] equivalent fatigue stress parameter agy,,+ expressed as

Lswt = maX;{(O-n,max X Ea) (1)

Oswt = \/E Tswr = \/E Onmax- €a (2

with 6, ma, the maximum tensile stress on the plane of normal 7 and ¢, the corresponding strain
amplitude. The maximum value is estimated at each integration point and computed on every

possible plane of normal 7 (with a increment of 10°).

The second is Ruiz parameter [23] combining tribological parameter (the sliding amplitude and the

surface shear on the interface) with the maximum principal tensile stress.
I'= (01 X |Te| X 85)max (3)

with o, the first principal stress, t, the surface shear and §, the surface sliding amplitude. The
Ruiz parameter I'is computed only on the surface and cannot be considered to investigate
subsurface damage. By contrast to the SWT approach which can be considered as a “pure”
fatigue stress approach, the Ruiz approach appears as a “hybrid” criterion combining in a single
variable both fatigue stresses and contact tribological loadings. Fig. 15 compares the experimental
crack length a versus the agy,,+ SWT fatigue stress and the I' Ruiz parameter. The correlation is
rather poor for SWT, suggesting that it would not be able to capture the crack nucleation process
of the studied interface. The I Ruiz parameter catches fairly well the distribution of the crack and
their relative length. The I' Ruiz parameter performs also well on the C10 geometry as shown by
Fig. 16.
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normalized distribution of the crack nucleation criteria (oswr/0swr max:I' /T max )-

The expertise underlined the development and trapping of a significant debris layer localizing the

surface stressing and potentially influencing the stress level and distribution, and thus crack
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initiation. It was therefore assumed that surface wear and the resulting formation of a debris layer
are the driving factors of the crack nucleation process: the thicker the debris layer, the higher the

contact stresses, and therefore the higher the crack nucleation risk.

Due to the formulation of I involving both sliding amplitude and contact shear, it also grasps the
debris layer formation driving force. Fig 16. compares the evolution of this parameter along the
contact surface to those of the debris layer and the maximum crack lengths, for both R3 and C10
contact configurations. A very satisfying correlation is observed. Thus, the Ruiz parameter I' can

reasonably predict the crack nucleation location within the fretted interface.
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Fig. 17: Comparison between the debris layer thickness (h) and the I' parameter for R3_12KN
(a) and C10_15KN (b) contact configurations; Comparison between the crack length (a) and the T’
parameter for R3_12KN (a) and C10_15KN (b) contact configurations; (the blue arrow indicate the

crack nucleation location predicted by the model).

5.2 Lifespan predictions

Stress computation without considering the debris layer

The Ruiz parameter I appears pertinent to predict the crack nucleation location but, it does not
permit to predict the fretting-fatigue lives directly, as it cannot be compared straight away with the
fatigue data of the material. Hence a sequential strategy is proposed. First the crack location is
predicted by defining the position of the maximum value of the I' parameter in the interface so
called Xr,,q4- Then, to predict the fretting-fatigue endurance, the SWT fatigue stress parameter is

computed at this position, leading to the so called ogy7(Xrmax) Strategy.
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A first analysis is done without including the presence of the debris layer. Figure 17 compares the
life predictions for R3 and C10 fretting-fatigue specimens with Wohler curve of the material for
uniaxial fatigue. All the stress parameters have been normalized by the endurance limit in push-
pull. The datapoints from the simulations are far below the Wohler curve, suggesting and under

estimation of the contact stresses operating within the fretted interface.
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Fig. 18: Comparison between gy (Xrmax) @nd the fatigue property of the material (Without
including the presence of the debris layer in the FEM modelling).

Stress computation with consideration of the debris layer

The model was modified to include a debris layer, as observed for the R3_12KN and C10_15KN
contact configurations. The third body layer is modelled simply as a modification of the axle
geometry, since it has been shown that the Young’s modulus of a debris layer does not influence
significantly the stress state [24], [25]. The shape of the third body layer was chosen as a
simplified segmented boundary of the debris layer shown in Fig. 13 (dotted lines). The maximal
height for each third body layer is set to hpym = 30 um, based on the maximal layer thickness

measured on specimens R3_12kN and C10_15kN, around 30 pm and 25 um respectively.
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Fig. 19: Modelled third body layer shape for both sleeve border configuration.

The presence of the debris layer dramatically modifies the pressure profile along the interface, as
shown by Fig. 20. It creates very high pressure peaks at the top of the modelled debris layer,
resulting in high local stresses. These levels of pressure would likely induce plastic flow, which is
consistent with the deformed shape of the surface debris. The shape of the modelled debris layer
also induces opening of the contact (zones where the contact pressure is zero). This phenomenon
seems exaggerated, and is the direct consequence of the strong hypothesis of the debris layer
geometry. It is not however contradicted by experimental observation, as the modelling choice was
to shape the debris layer in a stabilized state, neglecting the progressive build-up of this layer [25].
The debris and traces of contact seen in the zone predicted to be open could have been
generated before the complete build-up of the layer, and thus before the local opening of the

contact.
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and with third body layer.

Then, considering this surface geometry modification, the o+ (Xtimay) Strategy is applied. Fig. 21
compares the new predictions with the Wohler curve of the material. Compared to the former
analysis (i.e. without considering the debris layer, Fig. 18), a single master curve combining both
R3 and C10 results and converging towards the fatigue limit of the material is now achieved. As
detailed by Arnaud et al. [26], this definitely confirms the necessity to consider the debris layer
entrapped within the fretted interface to properly predict the fretting fatigue endurance. However,
the observed finite endurance values appear longer than the one predicted by the model. This
might be due to the fact that the SWT fatigue stress analysis neglects the propagation phase.
Indeed, at the fatigue limit, the endurance can be related to the crack nucleation condition and the
propagation stage can be neglected. This condition is well captured by the given SWT fatigue
stress analysis. However, under finite endurance condition, the total endurance also depends on
the propagation stage. It can be significant under fretting fatigue conditions, particularly when, like
in the present situation, the bulk fatigue stress is low (below 33 % of 04.1). Besides, the dimension

of the specimen may imply a long propagation extension before the specimen failure.
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This investigation also underlines the prime influence of the debris bed and related third
maximum thickness h regarding the cracking risk. This is clearly illustrated in Figure 21 where the
oswr (Xrmax) Stress is plotted as a function of height the debris layer. It is interesting to see that a
debris layer thickness of less than 30um can increase by a factor 2.5 the osy 7 (Xrmax) Stress for
the C10 configuration and more than 1.6 for the R3 configuration. Hence this investigation outlines

the crucial interest to consider the presence of the debris bed in the rotating bending shrink fitted

1.E+06

1.E+07

number of cycles

assemblies to properly predict the fretting fatigue cracking risk.
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6 DISCUSSION REGARDING THIRD BODY DEBRIS LAYER

One hypothesis of the model is that the debris bed implemented with the FEM method is constant
and does not evolve with additional loading cycles. Indeed, the debris formation implies material
removal at the fretting interfaces. If the material removal is continuous, it should be expected a
continuous increase of the debris layer thickness since the specific volume of oxide debris is
significantly larger than the original metallic materials. To answer this question it is necessary to
consider the theory of the third body developed by Fillot et al. [27]. As illustrated in Fig. 23, in the
case of a tribological system allowing the debris ejection (Fig. 23a), the thickness of the bed of
debris (third body) stabilizes when the debris formation flow equals the debris ejection flow leading
to a constant third body debris layer thickness (hy ss : Steady state third body thickness) [27]. In our
case, the debris ejection flow can be considered as negligible considering the dimension of the
contact size. Thus, the thickness increases with the debris formation flow. However, the thicker the
debris layer, the higher is the friction energy consumed within this layer. Consequently, a lower
amount of friction energy is transmitted to the bulk material, decreasing its degradation and the
new debris generation. Thus, the debris formation flow decreases continuously until it reaches a
zero value when all the friction energy is consumed by the 3rd body layer (Fig. 23b). We can

therefore assume that the observed interfaces well correspond to a steady state situation with
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constant additional debris bed layers. An interesting remark deduced from this theory is that for a
given material tribocouple, a system which is not allowing the debris ejection will systematically
induce a thicker stabilized debris bed than observed for tribo system allowing the ejection. This
conclusion is indirectly confirmed by the observed debris layer thicknesses exceeding 30 pm
whereas in common small contact (sphere/plane), favoring the debris ejection, the latter does not

exceed usually 10 to 15 pm.
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However, one limitation of given model concerns the simplified segmented description of the
debris bed shape involving sharp geometrical discontinuities which might overestimate the stress
concentration. Hence, deeper investigations focusing on the debris shape effect need to be
considered. Note that the continuous simulation of the debris bed formation in 2D contact
configuration [25], [26], that we expect to transpose in this 3D simulation in a coming development,
provides more continuous debris bed shapes which are certainly more representative of the
contact reality. Future developments also need to better describe the rheological behaviour of the
entrapped debris bed layer involving representative elastic-plastic constitutive laws. Even though
Yue et al. [24] showed the limited influence of the third body’s Young’s modulus on stress states,
these investigations were performed for regular and flat third body layers. In the case of sharp
discontinuities, mechanical properties such as the Young’s modulus would certainly influence
stress concentration. Moreover, as the debris layer thickness has not been measured for all
specimens, the use of one fixed shape and debris height for each geometry may be questioned.
Available experimental data are too scarce too allow debris layer thickness prediction for now.
Another aspect concerns the stress gradient effect. In most common fretting fatigue situations, the
contact induces severe stress gradients which must be addressed applying for instance fatigue
stress averaging procedures through a representative “process volume” [28], [29] or considering
the critical distance method [30]. In the present situation, neglecting debris layer effects, the stress
values inducing cracking are far below the fatigue limit (Fig. 18) and very low stress gradient are in
fact imposed considering the very low nominal contact pressure (i.e. pnom < 30 MPa). Hence, in a
first approximation, the stress gradient effect can be neglected and hot spot stress analysis
appears relevant. However, assuming the debris layer effect, stress discontinuities are occurring
suggesting that again stress gradient effect should be considered. However, as mentioned
previously, this will require a complete debris layer — stress gradient analysis which at this stage of

our developments cannot be addressed.

Nevertheless, despite these various limitations, this given approach based on the ogy 1 (Xtmax)
strategy including in the FEM simulation the presence of a fretting wear debris layer entrapped
within the interface, appears as reliable in order to predict the infinite endurance of rotating
bending shrink fitted assemblies enduring fretting-fatigue. Assuming the third body theory, we
suggest that the applied debris layer morphology can be considered as stable after limit number of
loading cycles. However, a key aspect which is not addressed in the present work but currently

motivating our future research work will consist in simulating the progressive formation of the
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debris layer, in order to achieve a complete simulation of fretting fatigue cracking process involving
crack nucleation but also crack propagation [31].

7 CONCLUSIONS
Rotating bending tests have been conducted on twelve shrink-fitted assemblies with a low contact
pressure (less than 30 MPa), composed of a steel shaft and a bronze sleeve. Two sleeve border

geometries have been compared. The following results were obtained:

. All specimen displayed fretting-fatigue damage, leading in some cases to large cracks or
even complete breakage. The stuck, sliding and detachment zones, as well as the crack depths,
angles and positions were documented.

. One of the geometries (C10) displays a better endurance.

. The investigation underlines that the Ruiz's criterion well predicts the location of the
incipient crack nucleation as well as the maximum debris layer thickness. However the Ruiz’s
criterion (I) cannot permit the correlation with material fatigue data. Hence an original
oswr (Xrmax) Strategy is introduced: the location of the crack nucleation is estimated from the
maximum value of Ruiz’s criterion (I},,,,), then at this position, the fatigue endurance is estimated
by computing the SWT fatigue stress.

. The aggyr(Xtmax) @pproach applied without considering the presence of the debris layer
provides failure predictions far below the Wohler curve of the material. However, by simulating the
presence of the debris layers, an endurance master curve combining both R2 and C10 results is
achieved. The model also predicts an infinite endurance value consistent with the fatigue limit of
the studied material. However for finite endurance conditions, the propagation stage needs to be
considered.
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