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Abstract:

The fretting-fatigue behaviour of shrink fit lug-bush assemblies is investigated. In this paper, experimental
fatigue tests are carried out on lug-bush specimens with three different levels of interference fit. It is observed
that the relative movements of fretting induce tribo-oxidation phenomena at the shrink-fit interface and that the
crack initiation sites correspond well to the oxides formation spots. The increase in the fatigue life with
interference fit is consistent with stress analysis considering the SWT multiaxial fatigue criterion, but the
predicted fatigue life is not conservative relative to material reference data. In order to account for fretting
surface damage, different approaches are investigated considering homogeneous and heterogeneous distributions
of the coefficient of friction.
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Nomenclature:

P [N]: normal force

Q™ [N]: tangential force amplitude

6" [um]: displacement amplitude

Onom [MPa]: nominal stress

N.: number of cycles
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IT [wm]: interference fit (between lug and bush)

C [um]: clearance fit (between shaft and bush)

DIT [wm]: degree of interference

8 [um]: relative sliding

A, [um]: relative sliding amplitude per cycle

¢ [m]/mm?]: surface density of the dissipated energy per cycle
OsWTma, IMPa]: maximum SWT equivalent stress at the lug bore
Ao [mm?]: lug net section

FWS: Fretting Wear Spot

1. Introduction:

Lug assembly is a widely used type of joint in aeronautical industry [1]. The joint is composed of parts called

fork and lug, the load transmission being ensured by a shaft (Figure 1).

Under loading, lug holes act as geometric discontinuities inducing stress concentrations. Peak stress at the lug
bore depends on several geometric parameters (bore to lug width ratio, pin-lug allowance...) and have been
summarised for various works into charts for design optimization [1][2][3][4]. Under fatigue loading, additional

surface damage is observed due to the relative sliding between the parts, called fretting [5][6].

An oversized bush is sometimes inserted into the lug bore by shrink or press fitting. Several studies have shown
an increase in the lug fatigue life with increasing interference-fit for different lug-bush materials (Aluminium
7075 [7][8][9][10], Inconel 718 [11] and Ti-6Al-4V [12]).
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Figure 1: Illustration of lug-bush assembly
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Historically, the beneficial effect of this interference fit has been attributed to two phenomena: the stress
distribution effect and the fretting effect [7][10]. On the one hand, the interference fit modifies the stress
distribution because it induces a pre-stressed state [7]. Finite element modelling has confirmed, for bolted joints
and lug-bush joints, that interference fit reduces local stress amplitude, increasing at the same time fatigue life
[10][13]. On the other hand, the increase of fatigue life with the interference fit has been attributed to a reduction
of fretting damage [7]. In fact, under cyclic loading, the lug-bush parts deform causing relative sliding at the lug-
bush interface and sometimes a separation of the contact. The combination of fretting and fatigue loading usually
results in wear and early crack initiation; the crack propagation being driven by bulk fatigue loading. In this case,
the reduction in relative sliding by increasing the interference fit was expected to reduce the relative sliding

amplitude and then, the fretting damage at the lug-bush interface.

Several studies have outlined fretting-wear damage at the shrink-fit interface but in-depth analysis of surface
damage is scarcely developed. Fisher and Winkworth [7] noted superficial wear damage on the bushes while
Wardlaw and al. [12] observed “fretting” marks at crack initiation sites on their lug specimens. Buch [8]
suggested a possible effect of surface oxidation and third body on crack initiation for aluminium alloy lugs. Ozen
[14] showed oxide formation at the lug-bush contact of TA6V-steel parts. The underlying idea behind the cited

publications is that wear phenomena may favour crack initiation.

The lug-bush contact belongs to the class of conforming contacts [15], meaning the contact parts fit into each
other with a high degree of geometrical conformity. Conforming contacts are characterised by a relatively large
contact area, low contact pressure and low stress concentration compared to classical non-conforming contacts
(cylinder-on-flat, sphere-on-flat, crossed-cylinder contacts, etc.). Non-conforming fretting contact results are
generally hard to transpose to conforming ones. For the latter, contact pressure, peak stresses and stress gradients
are lower [6] and wear is shallower due to the entrapment of debris particles within the large contact area [16].
However, a large proportion of industrial contacts is conformal [17]. Several cases of premature failure of
interference fit connecting rods, for a large number of cycles, have been explained by the formation of adhesive
spots [18][19]. It has been shown that the contact between conforming parts with a contact pressure as low as 50

MPa and a small relative sliding (< 20 pm) can lead to adhesive spots driving crack initiation [20].

Most of the lug-bush fatigue life analyses have focused on the stress distribution, excluding the effect of wear

[10][11][12][21]. The effect of surface damage on crack initiation remains a challenging issue.

Empirical strategies exist which consider fretting damage in conforming contacts. Ruiz [22] established a surface
damage criterion (I'z,i,) €xpressed as the product of the maximum opening stress, the shear stress and the sliding
amplitude. This criterion, which was originally developed to study fretting problems in dovetail joint, arouses
some interest in the study of connecting rods and bolted joints [23][24] as well as rolling contacts [25]. However,
this criterion remains very empirical and it is not possible to correlate Ty,;, values with material properties.
Combinations of fatigue criteria and tribological parameters have also been developed such as the SWT modified
parameter [26][27].

The objective of this work is to study the fretting-fatigue behaviour of conforming contacts, specifically the

behaviour of lug-bush shrink-fit assemblies for different levels of interference fit. Several aspects are analysed:

- How does lug-bush interference fit affect the fatigue life of the assembly?



- What type of surface degradation is observed at the lug-bush interface and how does it affect crack
initiation?
To answer these questions, experimental tests, detailed surface analysis and numerical finite element analysis are

combined. The results provide a basis for considering the integration of the effect of stress-strain and tribological
loading for the lug-bush design method.

1. Experiments
2.1 Materials

The materials used for the lug-bush specimens are Maraging 250 steel (bush) and Ti-6Al-4V (lug). Maraging
250 steel is a high strength Fe-Ni martensitic steel, the chemical composition of which is given in Table 1. Ti-
6AI-4V is an alpha titanium alloy with high specific strength and excellent corrosion resistance. Its chemical
composition is given in Table 2. A 300 mm diameter bar is used with a solution treatment at 950 °C (water
cooling) followed by aging for 2 hours at 700 °C (air cooling). The microstructure is bimodal consisting of
approximately 35% hexagonal close-packed (hcp) primary alpha phase with the remainder consisting of acicular
secondary a phase within the body center cubic (bcc) B phase (Figure 2). Large elongated (~ several mm) ex-
beta grains can be observed along the main direction of the bar. Uniaxial fatigue data from Hines [28] (bimodal

microstructure with 35% primary alpha fraction phase) is used as reference (Figure 3).

The final properties of both alloys are detailed in Table 3. The fatigue limit of Ti-6AI-4V is 450 MPa at 107

cycles for a load ratio R of -1 according to Hines [28].

Figure 2: Bimodal microstructure of Ti—-6Al-4V, after Kroll etching, showing primary alpha grains (white)
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Figure 3: Fitting curve of the uniaxial fatigue life of Ti-6Al-4V (R = - 1) [28]

Ni Co Mo Ti C Fe
18 8 5 0.5 0.03 Balance
Table 1: Chemical composition of Maraging 250 steel (weight %)

Al Vv Fe 0] C N Ti
6 4 <0.30 <0.02 <0.08 <0.07 Balance
Table 2: Chemical composition of Ti-6Al-4V (weight %)

Yield Ultimate Fatigue limit
. Vickers
Material E (GPa) ' Strength Strength, o, 107cycles
Hardness
(MPa) (MPa) (MPa)
Ti-6Al-4V 115 0.3 277 - 361 940 [28] 990 [28] 450 [28]
Maraging 250 184 0.3 490 - 589 1832 1893

Table 3: Mechanical properties of Ti—-6Al-4V and Maraging 250

2.2 Friction behaviour of Ti-6Al-4V — Maraging 250 interface

Friction behaviour of Ti-6Al-4V versus Maraging 250 was determined by a variable displacement test following
the methodology of Fouvry et al. [29]. The test was carried out on a fretting test bench, with a Maraging 250 100
mm cylinder radius and a Ti-6Al-4V flat specimen. The normal over tangential force ratio at the partial to gross
slip transition defines the transition friction coefficient u, [30]. Proudhon et al. [30] suggested that the transition

friction coefficient is representative of the coefficient of friction in the partial slip contact.
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Figure 4: Friction coefficient at the sliding transition between partial and gross slip regimes of Ti-6Al-
4VIMaraging 250 (Rcyiinger = 100 mm, pp,q, = 300 MPa)

2.3 Specimen geometries

The lugs and bushes geometries are shown in Figure 5a. The bushes were cut to a larger diameter than the lugs
bore. Three different bush diameters are used corresponding to three levels of interference fit (Table 4). The
interference fit (1T) is defined as the difference between bush and lug hole diameter:

IT=OGpusn — Qlug [um] 1)
and the degree of interference (DIT) as:

DIT = ZbushOiug (g5 0]
g

Prior to assembly, the diameters of both the lugs bore and the bushes were systematically measured. Particular
attention was paid to minimising the scatter of both lug-bush interference fits (+ 2 um) and bush-shaft clearance
fits (£ 3.5 um). Prior to assembly, the clearance fits between the shaft and the bushes (C = @yysh — Dshase [LmM])
were approximately 100 pm. Optical interferometry measurements showed that the roughness of the contact
surfaces of the lugs and bushes was less than 0.25 pum.

The parts were cut to a width of 9 mm, and a chamfer was added to the inside diameter of the bushes. The bushes
were shrunk into the lug holes after cleaning of the surfaces with acetone. The assemblies were then cut to a

width of 8 mm to remove the chamfers.

After assembly, mechanical equilibrium at room temperature induces a positive contact pressure at the lug-bush

interface which can be defined analytically by Lame’s equation or by numerical simulation (Table 4).
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Figure 5: (a) Lug and bush geometries (in millimeters), (b) test bench, (c) description of specimen main zones

IT DIT p (MPa) p (MPa)
(um) (%) Lame’s equation numerical simulation
10 0.04 10.8 10.0£0.3
30 0.13 325 30.3+x04
50 0.22 54.2 50.6 £ 0.6

Table 4: Interference fit levels and the associated contact pressures using Lame’s equation and numerical

simulations (see 4.1 numerical model)

2.4 Test conditions

Tests were conducted on a 150 kN MTS servo-hydraulic test system. The specimens were hold by steel fork
systems with 18.85 mm diameter pins (Figure 5b). The pin-bush allowance of assembled specimens ranges from
60 and 100 pm according to the lug-bush interference fit. The forks were connected to a hydraulic actuator by
spherical bearings on each side in order to accommodate potential small misalignments. The good alignment of
the test bench was confirmed by the evenly distributed cracking sites among the four potential failure zones of
the specimens (left and right sides of the top and bottom holes). The loading signal was a 15 Hz and 30 Hz
sinusoidal wave, with an R-ratio of 0.1. The nominal stress is defined as the ratio of the maximum applied force

to the net area of the lug (4,,.; = 23 X 8 mm?) of lug.

Fatigue tests were conducted up to failure of the assemblies or stopped if unbroken after 107cycles. The bushes
and the lugs were marked prior to testing and no rotation of the bushes was observed. Both broken and unbroken
sides of the specimens were examined. The description of the different parts of a tested specimen and the
locations on the lug-bush interface (rear, side, front) are given in Figure 5c. In order to simplify the analysis and
taking advantage of symmetries, cracks locations are systematically represented on the right side of the top hole.
Unbroken sides of the lugs have been sawn to separate lug-bush parts without damaging the contact surfaces. To

observe the lug-bush interface, some specimens were cold mounted prior to sawing.



2. Experimental results
3.1 Fatigue endurance and fretting scar expertise

The experimental fatigue life of the specimens was considered to be the total fatigue life (crack initiation and
propagation). The results of the fatigue tests are shown in the nominal stress vs. number of cycles to failure S- N,
plot (Figure 6). An increase in fatigue life with the degree of interference fit is observed, in agreement with

literature results [10].
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Figure 6: S- N, graph of the tested specimens for different levels of interference fit.
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Figure 7: Angular location of the crack initiation sites as a function of the interference fit level. The crack

initiation location is indicated by a yellow star.

Cracks systematically initiate at the lug bore and propagate in a fairly straight line (with a deviation of + 10 °
from the radial plane) until the failure of the lug. The broken holes tend to fracture in fatigue on only one side of
the lug (the other side fails statically) as observed by Fisher and Winkworth [7]. The angular location of the

crack initiation sites are measured (to an accuracy of + 1.5°) and tend to increase with the level of interference fit



(Figure 7), but no trend with the loading level is observed. As the interference fit increases, the crack location

moves closer to the equatorial plane (i.e. for 8 = 90°) of the lug.

The cracks initiate in the central part of the lug bore, and not at the corners. The fracture surfaces of the broken
lugs show dark oxidation spots at the crack initiation sites (Figure 8b and Figure 8e). These spots are typical of
fretting contacts [31][32] and are due to Mode Il small crack propagation and entrapment of wear debris within
the crack lips. These dark crack initiation zones become smaller and more numerous as the interference fit level
increases. Up to a certain crack length, Mode | propagation becomes predominant and fatigue striations can be

observed at the crack lips (Figure 8d).

Broken and unbroken specimens show surface wear damage at the lug-bush contact surfaces (Figure 8, Figure
9). Due to the geometry of the specimens, analyses are mainly carried out on the bushes. Two types of surface
damage are observed on the surface of the bushes, near the crack location. The first, located below the crack
front, is “cracking wear” (Figure 9). It is due to the ploughing of the crack lips of the lug against the bush. The
second type, also visible above the crack initiation front, corresponds to fretting wear damage prior to crack
initiation. It takes the form of a discontinuous distribution of fretting wear patches. Similar wear spot patterns
can be observed on the broken and unbroken sides of the lugs (Figure 8, Figure 9). These dark fretting wear
spots are caused by the contact pressure and the relative sliding between the lug and the bush. Such irregular
distribution of the fretting scars were observed by Knabner [32] and Ozen [14]. This irregular distribution can be
explained by the combination of the inherent cylindricity error associated with the finishing operation and the
machining grooves. Lewis, Marshall et al. [33][34] observed by ultrasound method the pressure distribution of
the interference fit assemblies. Since the contact surfaces do not perfectly match, there are peaks and valleys in
the pressure distribution at the contact interface. This phenomenon would be enhanced by the shrink fit process

which does not plastically deform the surface during assembly [34].

IT =30 um
Cnom = 200 MPa
N,.=9.3 x 10*

¢ crack initiation site

fretting wear spot

(d) Long crack propagation
~5.1077 — 107 m/cycle

(e) Crack initiation

Figure 8: Optical observation of the (a) lug bore surface, (b) lug fracture surface, (c) bush surface at the failure
area of a broken specimen and (d) SEM observation of the lug fracture surface showing fatigue striations, (e)

crack initiation site on the lug fracture surface (,,o,, = 200 MPa, IT =30 pm, N, = 9.4 X 10%)
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Figure 9: Optical observation of the bush corresponding to the broken hole of a specimen. On the left,
observation of the unbroken side and on the right, observation of the broken side of the specimen at the angular

position of the crack initiation sites, indicated by yellow stars (0, = 175 MPa, IT = 10 um, N, = 1.1 x 10°).

In order to assess the effect of surface wear damage on crack initiation, the fracture surfaces of the specimens
were systematically compared with the surfaces of the bushes at the fracture zones (Figure 10). There is a strong
evidence of a correlation between crack initiation sites and fretting wear spots. Again, only wear damage above
the crack initiation site needs to be considered as cracking wear can occur. The correlation between fretting wear
spots and crack initiation sites is more obvious for the 10 um interference fit level as there are fewer fretting
wear spots. It can be noticed that fretting wear spots are present both above and below the fracture zone whereas

TA6V-steel lug-bush specimens from Ozen’s work [35] show fretting damage only below the crack location.

10
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Figure 10: Optical observation of the fracture surfaces and bushes surfaces at the corresponding failure zone for

several broken specimens. The crack initiation sites are indicated by yellow stars.

It is interesting to note that the 10 um interference fit specimens are characterised by tilted (between 5° to 20°)
crack initiation angles with respect to the macroscopic fracture plane (the latter being close to the radial plane).

The surface profiles of the fracture surfaces of two 10 um interference fit fractured specimens are shown in

11



Figure 11, with the corresponding crack initiation angle. No such tilted crack initiation angle is observed for

higher interference fit specimens.
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Figure 11 : (a) Description of the observed crack path for the 10 um interference fit specimens, (b, c)
profilometry of the fracture surfaces of the top part of the lugs of two broken specimens corresponding
respectively to IT = 10 um - 0,4, = 175 MPa - Ngy e = 1.1 X 10% and IT = 10 um - g,,,,, = 200 MPa -

Neyere = 5.9 x 10*.

3.2 Chemical and cross section analysis of fretting wear spots

To observe fretting wear spots within the contact zone, an unbroken specimen was cold mounted prior to sawing
to maintain contact between the lug and bush parts (Figure 12). Two types of fretting wear spots are observed at

the lug-bush interface.

The first one, called FWSg,, is composed of oxygen, iron and alloying elements of Maraging 250 (Figure 13a
and Figure 13c). The Raman curve of the wear spot shares the typical peaks (700 cm™1, 480 cm™?, 325 cm™1)
of NiFe,0, [36] and CoFe,0, [37][38] oxides (Figure 13e).

The second type, called FWS;, contains oxygen, titanium and alloying elements of Ti-6Al-4V (Figure 13b and
Figure 13d). This type of wear spot has a layered structure consisting of ‘pure’ Ti-6Al-4V mixed with titanium

oxide. The Raman curve (Figure 13f) does not show the typical peaks of titanium dioxide [39][40].

12
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Figure 12: Sample surface observation
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Figure 13 : (a, b) Optical observation, (c, d) EDX line analysis (along yellow arrow) and (e, f) Raman curves of

the two types of fretting wear spots composed of respectively Fe oxides (a, ¢, €) and titanium oxides (b, d, f) at

Raman shift [cm™1]

the lug-bush interface of the unbroken hole of a tested specimen (g,,om = 250 MPa, IT = 50 um, N,y ¢je =

1.4 x 105)
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Fretting wear consist in entrapped agglomerates of oxidised wear debris. After opening of the contact, it is
observed that the titanium oxides tend to adhere to the steel bushes while the iron oxides tend to adhere to the

titanium alloy lugs causing pits and humps on the bushes surface, respectively, as observed in Figure 14.

IT=10 pm IT=30 um IT=50 um
Gnom = 200 MPa Gnom = 200 MPa Gnom = 225 MPa
N, =1 x105 N.= 1x 105 N, =3 x 10°

FWSy;
+ —
FWSy; FWS,
e
FWSFe —
@) (b)

30
B
2
0 5
| (5]
<

-20

(d) FW Sk, = pit on the bush

Figure 14: (a, b, ¢) Optical observation of the unbroken side of the bush of three tested specimen (b) EDX map
analysis showing the presence of titanium and oxygen elements and profilometry analysis of the bush surface of

a 50 pm interference fit specimen.

The distribution of wear damage is highly sensitive to the interference fit. For a low interference fit, the surface
damage is localised to the side part of the interface whereas for a higher interference fit, it extends from the side
to the rear of the lug-bush interface. The formation of FWSy; is confined to the upper side area for 10 pm and 30
um interference fit specimens while FWSy; is also observed on the rear part of the interface for 50 pum

interference fit specimens. The size of the iron oxide wear spots increases and becomes predominant over FW Sy,
as the number of loading cycles increases.
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Only a small amount of detached wear debris is observed after fatigue tests and contact opening. Wear loss was

barely measurable and is therefore assumed to be negligible.

It is possible to reconstruct the lug-bush interface after opening of the contact. An example is shown in Figure
15. The height profiles of a lug and a bush were measured by interferometry along a horizontal band, showing Ti
oxide fretting wear spots, and were then superimposed. The height profiles at the fretting spot sites matched well

and a gap of few microns was observed between the lug and the bush in undamaged areas.

The lug-bush contact interface is clearly discontinuous with the presence of fretting oxide patched between near
undamaged surfaces (machining grooves are visible). It should be noted that the specific volume of the oxides is
generally more important than that of the base material. These oxidised wear spots correspond to localised
additional volumes of material at the lug-bush interface which would probably cause discontinuity in the lug-

bush clearance and consequently localised overpressures.
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a Z  height b height (um)
@ eight (um) 0 20 () 20 0 20
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Figure 15: (a) Front view of a bush profile, (b) front view of a lug profile, (c) bush profile height along the
orange line of picture (a), (d) lug profile height along the blue line of picture (b), (e) superposition of lug and
bush height profiles, (d) SEM observation of a fretting wear spot on the bush (,,,,, =200 MPa, IT = 10 pm,

Neyere = 1.0 X 10°)
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3. Numerical investigation

Numerical analysis is used to estimate the stress-strain state and local tribological loading at the lug bush

interface.
4.1 Numerical model:

2D and 3D finite element analyses are carried out using Abaqus software (Figure 16a and Figure 16b). Due to
the symmetries, ¥ of the system is considered. For the 3D model, eight-node reduced integration elements
(C3D8R) are used, with a penalty tangential contact behaviour with a maximum allowed elastic slip of 0.5 pm
(to compensate for convergence problems). For the 2D model, the plane stress assumption is used with CPS4R
node reduced elements and a Lagrangian augmented tangential contact behaviour.

3D model

2D model

bush
shaft

Il Sticking (contact)
O Sliding (contact)
M Separation (no contact)

lug
Y X- Y

Sym . ' :: 7
A1 2 S N

Figure 16: (a) 3D and (b) 2D numerical models, (c) applied loading and corresponding contact state evolution at

the lug-bush interface
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Figure 17 : (a) Orthoradial stress (ay) distribution on the lug bore, (b, ¢) a4 evolution along the radial
direction (e,) from the hot spot at the lug bore. Mesh size =25 um, 2D plane strain, o,,,, = 200 MPa, IT =30
pm, C =100 pm, Ppysp-share = 0.1, Miug—pusn = 0.25

The interference fit is simulated by initial geometric interpenetration of the lug and bush. Elastic behaviour is
used with material parameters E and v given in Table 3. We take as a first approach wg_pusn = 0.25
corresponding to an undamaged metal-metal contact [41] and W,ysp—snare = 0.1 representing a greased interface

as the pin was greased prior testing.

A static analysis is performed with a discretization in 80 steps of each loading cycle. The strain-stress
distribution is observed after the second loading cycle. For each specimen, the measured bush and lug diameters
are taken into account for the simulation as the interference fit has a strong effect on the stress distribution [10].
As in the experimental tests, a sinewave loading is applied with a load ratio of 0.1. The stress is maximised at the
lug bore (Figure 17a and Figure 17b). Due to the rather low stress gradient (Figure 17¢), a mesh refinement of

0.1 mm at the lug-bush interface was considered to be consistent, and is used in the following simulations.

4.2 Damage criteria:
Several criteria are considered and implemented using a Python script.
4.2.1 Tribological criterion (friction energy density parameter)

The sticking/sliding and sliding/opening fronts evolve with loading. The front part of the lug bore remains in a

sticking state, while the lug and the bush slide against one another on the side part of the interface (Figure 16c).
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In this way, the system can be considered in a partial slip regime [42]. The pressure distribution also evolves

with the load and the lug and bush can separate at a sufficient load value (F,) (Figure 16c).

To account for the evolving tribological load, integral formulations of the relative sliding amplitude and the

friction energy density are adopted.

The relative sliding amplitude per cycle A, is defined as:

1
- 4 Jcycle

A [um] |d5| 3

The principal sliding direction (CSLIP1) is along ey and the second sliding direction, for the 3D model, is along
e, (CSLIP2)). The implemented definition of the relative sliding amplitude is as follows:

ACSLIP1, = | CSLIP1, — CSLIP1, | (4)
Ay =3P ACSLIPL,  (5)

n=1

The surface density of the frictional energy dissipated per cycle ¢ [m]/mm?], defined as the density of frictional

work, is the product of the shear stress t and the relative sliding 8.
@ [m]/mm?] = [_ . I7].1d8]| (4)

The main shear direction (CSHEARLY) is along ey and the second shear direction, for the 3D model, is along e,
(CSHEARZ2)). The implemented definition is as follows:

CSHEAR1pean, n = |5 (CSHEAR1,, + CSHEAR1,_,)|  (5)

P eyele = sz Hmestel CSHEAR oan, n X ACSLIP1, (6)

In3D, ¢ cycle is the sum of the contribution of the two sliding directions.

The surface friction energy density parameter is widely used to quantify the fretting wear phenomenon [43], but

it is also considered by Ruiz’s approach to quantify fretting cracking damage [44].

4.2.2. Multiaxial fatigue stress criterion

The Smith, Watson and Topper multiaxial fatigue critical plane extension criterion [45] is tested. It is a critical
plane stress criterion based on the Mode | mechanism for crack initiation. The critical plane is determined by
maximising a damage parameter. The latter is defined for a plane of normal # as the product between the
maximum tensile stress o,,4. (1) normal to the plane 7 and the strain amplitude &, () normal to the plane # (in

our case, 7 remains in the (X, Y) plane).
I—ISWT,n = MAaxg Omax (ﬁ) ga(ﬁ) (7)

Assuming a linear elastic behaviour, an equivalent stress can be determined using the following formula:

OswTn [MPa] = Maxs Eomax (ﬁ) Ea (?l) (8)



This equivalent stress can be compared with the material alternating stress fatigue data.

4.2.3. 2D/3D comparison

Due to the small width of the specimens (8 mm) and the negligible bending of the shaft, the plane stress
hypothesis is consistent. Close shrink-fit contact pressure, orthoradial stress and strain distributions at the lug
bore are obtained by comparing 2D model with the mid-plane of the lug bore in the 3D model (Figure 18). The
maximum contact pressure in the mid-plane of the lug bore is lower for the 3D model compared to the 2D model
due to the low bending of the shaft.
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Figure 18 : Distribution of the (a) interference fit contact pressure, (b) contact pressure at maximum loading (b)

orthoradial strain at maximum loading, (c) orthoradial stress at maximum loading along the vertical middle plane

of the lug bore for a 3D model and a 2D plane stress model. Mesh size = 100 um, 6,,,,, =200 MPa, IT = 30um,
C =100 um, Wyysp—shase = 0.1, Wug-pusn = 0.25
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Figure 19: (a, d) Distribution of the SWT equivalent stress (og,,7) and the dissipated friction energy density (¢)
along the lug bore for a 3D model, (b,e) distribution of the SWT equivalent stress (ogy7) and the dissipated
friction energy density (¢) along the vertical mid plane of the lug bore for a 3D model and 2D plane stress
model, (c, f) distribution of the SWT equivalent stress (o) and the dissipated friction energy density (¢)

along the horizontal direction (Z) of the lug bore for a 3D model and 2D plane stress model. Mesh size = 100

H,m, Onom — 200 MPa, IT = 30}1111, C=100 pm, p-bush—shaft = 01, UIug—bush =0.25

The SWT equivalent stress (ogwr) and the dissipated friction energy density (¢) (Figure 19) obtained along the
mid-plane of the lug either by considering a 3D modelling or by considering a 2D approximation in plane stress
are close.

It should be noted that the elimination of the chamfers by machining of the faces, to produce an edge-to-edge
configuration, completely eliminates the discontinuities on the lateral edges so that the maximum of the stress is
found in the centre of the lug bore (Figure 19c). This result is in agreement with the experimental results which
indicate that cracks initiate in the central part of the lug bore.

4.2.4 Distribution of the criteria
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The distributions of orthoradial stress (ogg), SWT equivalent stress (osyr), contact pressure at the maximum
loading (p), relative sliding amplitude (As), and the surface density of the dissipated energy (¢) are represented
in Figure 20 for the three levels of interference fit and for the different loading levels tested. An allowance of
100 pm between shaft and bush prior shrink fitting is considered.

For this configuration, the nominal stresses for the lug-bush separation are 46, 120, 192 MPa for 10 um, 30 um
and 50 um interference fit levels respectively. At a sufficiently high loading, the angular location of the lug-bush
separation stabilises and the separation angles are 80°, 85° and 90° for 10 pm, 30 um and 50 pum interference fit
specimens respectively (red dotted line in Figure 20). It should be noted that separation angles below 90° are

achieved due to the large clearance between the shaft and the bush.

The orthoradial and SWT equivalent stresses tend to be maximum at the lug-bush separation angle, which also

corresponds to the range of the angular locations of crack initiation for the different interference fit specimens.

The relative sliding between the lug and the bush and the surface density of friction energy dissipated per cycle
do not follow a linear evolution with loading. Surprisingly, the relative sliding amplitude is more important for
higher interference fits. This is because the load required to open the contact between the lug and the bush is less
for lower interference fit levels. Then for low interference fit specimens, the lug and bush separate quickly [42].
Therefore, there is limited time for the lug and bush to slide on against each other. This phenomenon is due to
ovalisation of the bush and is exacerbated, in our case, by the low stiffness of the bush and the high clearance fit
between the shaft and bush.

The surface damage of the bushes correlates well with the distributions of the sliding amplitude and the surface
density of friction energy dissipated per cycle. The front part of the bushes is systematically free of damage
because lugs and bushes remain stuck together. Unlike the 30 um and 50 wm interference fit specimens, the rear
zone of the bushes with 10 um interference fit is also free of visible surface damage because the surface density

of friction energy dissipated per cycle is low (Figure 14).
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4.3 Plain SWT fatigue stress analysis (agyr)
4.3.1 Homogeneous low coefficient of friction

A first approach is to exclude the potential effect of wear damage on crack initiation. The multiaxial SWT
criterion is used to estimate the risk of crack initiation due local stress-strain loading. The maximum of the SWT
equivalent stresses of all specimens tested are plotted in an oy, .- Nc graph (Figure 21a) to be compared
with the reference Ti-6Al-4V fatigue data [28]. All points are gathered along a single master curve with a
discrepancy of about 100 MPa compared to the reference material fatigue data. It should be noted that there are
some scatter points with higher fatigue life than the general trend, mainly for the largest values of interference fit

(dotted circle in Figure 21a).

The predicted angular crack initiation locations are also compared with the experimental results in Figure 21b.
The general increasing trend of the cracking angular location with the interference fit is also observed
numerically. The SWT critical planes were found to be close to the radial plane (with an approximate shift of 5°)

regardless of the level of the interference fit (Figure 22).
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Figure 21: (a) Evolution of the SWT equivalent stress (gsyr n,,,,) Of the tested specimens with the number of
cycles to failure, (b) comparison between experimental angular crack initiation positions and SWT prediction.

Mesh size = 100 um, 2D plane stress, wpysh—snare = 0-1, Mug-busn = 0.25
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Figure 22 : (a) Description of agp;¢, and (b) ap;f Of the tested specimens according to interference fit levels.

Mesh size = 100 um, 2D plane stress, wpysp—snare = 0.1, Wpg—pusn = 0.25

For all the specimens, the difference between the value of the maximum equivalent stress as derived from the
SWT critical plane criterion (dsyr n,,,,) O from the modified SWT criterion where a radial plane is imposed as
the critical plane (Gswr,e, mq,) 1S 1€5S than 5 MPa. The stress state at the lug bore is driven by the orthoradial

stress.

Analysis of the contribution of the maximum stress and strain amplitudes of the calculated equivalent stresses

OswT,eq max OF the specimens tested for the different interference fit levels highlights the beneficial effect of the

interference fit on fatigue life. Considering oy ., . =\/0ggEe,00, the relative maximum SWT equivalent

o
stress M the relative corresponding orthoradial stress :ﬁ and relative strain amplitude times Young
nom nom
modulus T“—"" are plotted for all tested specimens according to their interference fit levels (Figure 23). As the
nom

interference fit decreases, so does the orthoradial stress, strain amplitude and SWT equivalent stress.
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Figure 23 : Considering the SWT critical plane criterion with a radial plane critical plane
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stress over nominal stress —22- (c) strain amplitude times Young modulus over nominal stress —a86 according

1
Onom Onom

to interference fit levels and for 3 different friction coefficients at the lug bush interface (Miug.ousn). Mesh size =

100 pm, 2D plane stress, C = 100 um, Wpysp—shape = 0.1

The SWT criterion captures the mean stress effect and makes it possible to group the tested points on a master
curve. However, this master curve is far from the material’s fatigue curve. Several explanatory factors need to be

taken into account.

It is known that the fatigue behaviour of the Ti-6Al-4V alloy is highly dependent on microstructure,
thermomechanical treatment and machining techniques [46]. The data collections carried out by Wu [46] and
Bellecave [47] show the HCF strength of Ti-6Al-4V from different articles and the Hines’s fatigue data was
chosen because of its close microstructure to the material used in this work. Therefore, some uncertainty may

need to be considered when using these reference data.

However, such a discrepancy between lug fatigue life and material fatigue strength has already been observed for
pin-lug assemblies [48][49][50]. The discrepancy is notable for high numbers of cycles (> 105cycles) and
Schijve et al. [49] and White [50] explain it as being due to both size effect and fretting effect.

Several authors [51][50][49] have tested geometrically similar lugs with the same stress concentration factor but
different sizes, and found that the larger lugs (with consequently larger relative movements of sliding) have a
much lower fatigue life than the smaller ones. The size effect was not fully understood but they argued that this
difference in fatigue life could not be explained by the size effect alone (in the context of Weibull's statistical

theory of strength [51]) and then suggested that part of the reduction in fatigue life was due to fretting.

In the following, we will focus on the possible effects of the fretting wear on crack initiation and its modelling.

4.3.2 Homogeneous high coefficient of friction

As a first approach, it was decided to characterize the effect of increasing the coefficient of friction at the lug-
bush interface. The maximum stress and strain amplitudes appear to be much less sensitive to the friction
coefficient than to the interference fit as observed by Rao [42] (for pin-lug assembly) and Amargier [11] (for
interference fitted lugs). As shown in Figure 23, the friction coefficient slightly increases the orthoradial stress
(an increase of about 6% in orthoradial stress is observed for an increase in friction coefficient from 0.25 to 0.8)
and its effect on strain amplitude depends on the degree of interference fit. An increase in strain amplitude with
the friction coefficient is observed for low levels of interference fit, and the opposite is observed for high levels
of interference fit. The evolution of the equivalent SWT stress is then less sensitive to the coefficient of friction

compared to the interference fit.



A coefficient of friction of 0.8 at the lug-bush interface was tested (Figure 24), which corresponds to the
estimated coefficient of friction of a fretting damaged surface (Figure 4). The calculated points are again far

from the reference data.
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Figure 24 : (a) Evolution of the SWT equivalent stress (asyr »,,,,) Of tested specimens with the number of
cycles to failure, (b) comparison between experimental angular crack initiation position and SWT prediction.

Mesh size = 100 pm, 2D plane stress, wpysp—shase = 0.1, Wpg—pusn = 0.8

A parametric study was carried out by varying the coefficient of friction from 0.25 to 3 for a loading condition
Onom = 200 MPa, IT = 30 pm . Figure 25 shows the corresponding evolution of the ogyr, profiles. It is
interesting to note that despite the large variation in the coefficient of friction, the maximum value of gy 1,
remains well below the fatigue strength of the material. Therefore, even a very large increase in the coefficient
of friction cannot explain either the discrepancy with the fatigue life curve or the scatter of the experimental
results. This analysis suggests that a homogeneous description of the coefficient of friction within in the interface
is not sufficient to describe the physics of the fretting phenomenon involved in the shrink-fit interface of lug-
bush assemblies.
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Figure 25 : Distribution of the SWT equivalent stress (o, ) along the lug bore for different coefficients of

friction. Mesh size = 100 pum, 2D plane stress, C = 100 um, Pyysp—snare = 0.1

4.3.3 Heterogeneous coefficient of friction

Another model was tested by considering fretting wear spots. This was done by modelling a heterogeneous
coefficient of friction at the lug-bush interface.

On a % simplified 3D model (Figure 26), two areas with different frictional behaviour (urgy (Fws)) from the
whole lug-bush interface (u,) are considered. These areas are located in the identified failure zone of the lug
(close to the sliding-opening front at maximum loading) to simulate the presence of fretting wear spots. Different

coefficients of friction (ugy (rws)) are tested on these spot locations (Figure 27).

middle plane

HFEM(FWS)

SR

s ...... Lug - bush

N separation frontier
X
zZ

Figure 26 : Description of the Abaqus model with the fretting wear spots
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Figure 27 : (a) Distribution of SWT equivalent stress for a homogeneous coefficient of friction u, = 0.25 and
(b) for a heterogeneous friction coefficient with upgy (rws) = 3 at the lug-bush interface; (c) distribution of the
SWT equivalent stress along the vertical line at the lug bore crossing a fretting wear spot for different

#FEM(FWS); Mesh size = 100 wm, 0pom = 200 MPa, IT=30 pm, C=100 pm , ubush—shaft = 01, Ko = 0.25

As shown in Figure 27c, in the presence of a spot with a high friction coefficient, the maximum SWT equivalent
stress increases with increasing friction coefficient (upgpmFws))- This spot acts as a strong stress concentration.
For a friction coefficient up to 3, the maximum SWT equivalent stress was increased by about 100 MPa
compared to the SWT equivalent stress with a homogeneous contact interface (u, = 0.25). It can be observed
that the increase in SWT equivalent stress is much more significant for a model with spots with high coefficient
of friction (Figure 27c¢) than for a model with the same coefficient of friction over the entire contact interface
(Figure 25). The coefficient of friction at the fretting wear spots required for the calculated maximum equivalent
stress to agree with the fatigue reference data is very high (uzys ~ 3) and well above the coefficient of friction

measured with variable displacement tests (1, = 0.8, Figure 4).
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Figure 28 : (a) Illustration of the cross section of a lug-bush specimen; (b) illustration of the contact pressure
distribution at the lug-bush interface due to oxide spots; (c) illustration of a lug-bush interface with oxides spots;
(d) example of an observed titanium oxide spot (FWSy;) at lug-bush interface (6,,0;, =250 MPa, IT = 50 pm,
Neyere = 1.4 x 10°)

However, as explained in the experimental section and illustrated in Figure 28, the fretting wear spots are likely
to act as contact pressure enhancers because the lug-bush allowance at a fretting wear spot is reduced due to the
increase in material volume (oxide formation). The contact pressure of the lug interface is then carried mainly by
the fretting wear spots. In this context, the numerical friction of coefficient at fretting spots uggpmrws) is a fictive
coefficient of friction which takes into account both the physical coefficient of friction between wear damage
rough surfaces (u. ~ 0.8) and the local increase in shear stress due to the local increase in contact pressure
induced by fretting wear spots. Considering prws, Trws, Lrws aS the “physical” contact pressure, shear stress
and friction coefficient at a fretting wear spot (for a given load), it is possible to simulate the local overpressure

at the wear spot using a smooth surface by considering a fictive fiction coefficient (1 pgmcrws)) sSuch as :

Trws = Prws X Lrws = P X HFEM(FWS) %)

with p the contact pressure for a perfectly smooth surface model. If we apply this formula, for pgws = 3 and

PFWS

consider that ppws ~ Ue, then - = 3.75, meaning that the overpressure at a fretting wear spot could be

estimated to be almost four times the contact pressure considering a smooth surface.

This analysis needs further development as many hypotheses have been used. However, it does provide an

explanation for the reduction in fatigue life due to fretting. Further research is needed to study the effect of the

29



distribution of the wear spots (size, position, number) and to improve their numerical simulation. Incremental
evolution of the contact interface (such as variation of the coefficient of friction [16][52]) and stochastic

modelling of the activation of the fretting wear spots would be interesting developments.

Conclusion:

Lug-bush fatigue tests were carried out to investigate the fretting fatigue behaviour of a Ti-6Al-4V (lug) -
Maraging 250 (bush) assembly. The relative movements of fretting between the lug and bush induce the
formation of oxides (called fretting wear spots) at the contact interface and a correlation is observed between
fretting wear spot locations and crack initiation sites revealing a possible catalytic effect of wear surface damage

on crack initiation.

Experimental tests show an increase in fatigue life with the interference fit which is attributed to a decrease in
both stress concentration and mean stress with the interference fit level. The SWT fatigue criterion (osyr, )
makes it possible to describe the location of the main cracking sites and to group the test points (corresponding
to different levels of interference) on a single master curve. The calculated SWT equivalent stresses, especially
for high numbers of cycles, are low in comparison with the reference Ti-6Al-4V fatigue behaviour. Part of the

reduction in fatigue life is assumed to be due to fretting.

An increase in the coefficient of friction at the lug-bush interface cannot explain the discrepancy between the
fatigue life of the tested specimens (estimated using the SWT criterion) and the material fatigue data. A
numerical model with a heterogeneous coefficient of friction, which represents the fretting wear spots as areas
with high coefficient of friction at the lug-bush interface, can increase the equivalent stress so as to reach the

stress of the reference fatigue data.

The fatigue behaviour of pin-lug and lug-bush interfaces has been extensively studied by several researchers.
Similarities and differences between these studies and the present results have been highlighted. It should be
noted that the stress, strain and relative sliding distributions at the lug-bush interface are highly dependent on the
geometric parameters, stiffness of the parts and interference or clearance fits between these parts. The case

studied corresponds to that of a thin bush with a non-negligible bush-shaft clearance.

In order to quantify the reduction in fatigue life due to fretting alone, it will be necessary to better characterise
the fatigue behaviour of the Ti-6Al-4V alloy used in order to quantify both the size effect and the notch effect on

the lug-bush specimens.
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