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A unique dovetail-based test fixture for fretting fatigue was designed and is demonstrated with a combined
experimental and numerical campaign. Fretting fatigue damage is analysed and correlated with numerical an-
alyses using a modern Ruiz formulation and Findley critical plane parameter with the Theory of Critical Dis-
tances. Initial test results show that a simple critical plane model correlates life and cracking directions with
experiments; however, the Ruiz parameter only serves as a hot-spot indicator. The fixture is designed to permit

testing in submerged conditions and to allow additional loads to the specimens by using a multi-axial fatigue

machine.

1. Introduction

Fretting is a concern arising from metallic components in contact,
subjected to oscillating forces. Highly localized contact stresses and
small relative movements cause surface damage and if the bulk stresses
are high enough, fretting cracks propagate and cause fretting fatigue.

The features of fretting fatigue are quite complex with numerous
interconnected parameters [1,2]. Most importantly are the conditions of
the contacting surfaces, material properties and multi-axial non-pro-
portional stress variations with steep gradients. Although fretting and
fretting fatigue has been studied for over a century, it is still not fully
understood. The chaotic synthesis of all the involved mechanisms makes
the assessment very difficult, both in terms of analysis and in terms of
experimental testing.

When analysing and predicting fretting fatigue, engineers are often
faced with large geometries subjected to complex loads. Complete
fretting assessments are next to impossible, because it would require
considering a large array of different mechanisms in combination.
Hence, simple assumptions are made and only a few key mechanisms are
included in the analysis to make the problem practical. With respect to
physical testing of fretting, careful control and monitoring the different
mechanisms are difficult, and to isolate contact features for the analysis
is challenging.

A number of different fretting fatigue test configurations have been
devised throughout the years, starting from quite simple fatigue ma-
chines with “bridge-type” contact pads [3] to general fretting machines
with multiple actuators and load cells capable of varying the fatigue
loads, contact pressure and sliding force independently [2]. The most
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“classical” geometry for fretting fatigue is, perhaps, the dovetail joint
studied by Ruiz et al. [4] and followed by many others [5-8]. Fretting
fatigue in the dovetail joints of aircraft turbine blades is an important
application and has been the target for much research. This test
configuration is also quite popular due to its simplicity; there is no need
for a specialized multi-actuator fatigue machine. A simple pulling action
is used to simulate the centripetal forces acting on the turbine blade
during operations. Optionally, additional actuators or shakers can used
to apply the vibrational excitations from structure, aerodynamics, etc.
[91.

In this work, yet another test fixture based on the dovetail joint is
presented. This is the starting initiative for a new test program being
developed, aiming at numerical and experimental investigations of
fretting fatigue conditions relevant for engineering. The fixture pre-
sented here has some interesting additions when compared to previously
developed dovetail test fixtures, as will be described in the following
section. The main aim of this paper is to demonstrate the use of this new
fixture, prove its usefulness in studying fretting fatigue and to address its
potential to study a wide range of contact conditions. A long-term goal is
to provide with useful experimental data and, with its accompanying
numerical analysis, to permit scaled-down tests to apply to engineering
components.

2. Experimental testing
The main advantages of the dovetail joint as a test setup for fretting

fatigue is that it is easy to arrange and does not require special fatigue
machines. The disadvantage is that there is much less control of the
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contact pressure and shear stress, compared to bi-axial fretting rigs
[10,11]. Several additions are introduced to the fixture shown in this
work, see Fig. 1. Due to high stiffness of the lower fixture flange, a wide
range of loads and specimen sizes are permitted. As the tension on the
specimens increases, so does the wedge opening effect on the gripping
mechanism, increasing the contact angle and altering the contact trac-
tions. The width of the lower flange provide a possible additional source
of excitation when using a multiaxial fatigue machine; By having two
specimens with a radial offset, as shown in Fig. 1, a small torque can be
applied to the specimens. The added force come, however, at the cost of
some contact edge-effects as the contact pressure will vary over the
specimen width.

The contact pads are slid into carefully machined slots. This allows
for easily interchangeable contact pads and consequently permits testing
with different contact geometries, surface treatments, material combi-
nations, etc.

The lower gripping flange front and back sides can be enclosed,
enabling submerged contact conditions. The rig is small enough to fit
inside the temperature chamber for testing in elevated temperatures
which is relevant for turbine blade dovetail joints. If the lower gripping
flange is not enclosed, contact slip conditions and specimen strain can be
analysed using Digital Image Correlation (DIC) techniques as performed in
previous studies, see e.g. [12-14].

One of the main difficulties with the dovetail configuration is
determining the appropriate loading conditions. A numerical analysis
for each test program is necessary to determine the contact conditions
and slip regimes for the given loads and geometry. For sharp-edged
contact pads, the specimen can experience local plasticity even though
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the bulk loads are too small for fretting cracks to propagate. A large
unknown in all types of fretting tests is the coefficient of friction (COF),
which determines the contact conditions. The COF value is a system
parameter and depends on not only material combination but loading,
roughness, hardness, environment, sliding distance, geometry, etc.

A set of specimens is made in Grade 5 Ti-6Al-4V titanium alloy (see
Tables 1 and 2) which is a commonly used alloy for fretting fatigue
studies. The combination of low density, high strength and excellent
heat resistance and bio-compatibility makes the alloy useful for aviation
applications and orthopedic implants, among other fretting-critical
fields. The geometrical details of the dovetail specimen and the con-
tact pad is shown in Fig. 2. Note that the contact pads in this particular
study have rounded contact profile.

The chemical composition of specimens material prior to machining
is given in Table 2.

The material is rolled and cut using EDM wire machine and the
specimen sides were machined flat. Rolled titanium is highly anisotropic
with elongated grains and EDM wire cutting produces a surface with
melted particles, micro-cracks and altered hardness. In other words,

Table 1
Mechanical material parameters from material certificate in accordance with
ASTM E8/E8M-15a.

Tensile str. Yield str. (0.2%) Hardness Ra
MPa MPa HV pm
920 838 301 <3.2

|_|/ Upper gripping flange

Optional
; universal joint
Specimens
Optional screw for
pad attachment
and detachment

Pads

Lower gripping flange

Fig. 1. Dovetail fixture arrangement. A universal joint is used to make the test rig self-align when the axial loads are applied, providing symmetric loads to

the specimens.
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Table 2
Chemical composition of specimens according in accordance with ASTM B348-
13, forged annealed and peeled.

Al Fe C N o] H v
6.23 0.03 0.01 <0.01 0.13 0.003 4.1
o3
12 % +
2,5x45° T )
y Strain gauges
= | &) | 3
 J
Te)
10 A
3.2 % Q o
o 3.2 58 ®
Pad (Scaled 2x) > t
Thickness: 40 > v
"~ Specimen
Thickness: 5

Fig. 2. Geometric details of the specimen and contact pad used in this paper.
General tolerances are in accordance with ISO 2768-m. Units are in millimetres.

there are factors of uncertainty related to the material and specimen
surfaces. For many engineering applications, EDM wire cutting is an
appropriate manufacturing method due to its efficiency and precision.
Consequently, fretting fatigue performance of such surfaces are of in-
terest despite its inherent uncertainty.

Hardness of the contacting surfaces was tested using pyramid dia-
mond indenter with 1 kg force for four seconds. The hardness of the EDM
wired surfaces was found to be approx. 300 HV1 and the machined
surfaces were around 350 HV1. Fig. 10 shows a Scanning Electron Mi-
croscope (SEM) picture of the surface where quite irregular surfaces can
be seen with round, melted drops. The edges of the samples were
deburred by grinding, causing potential crack initiation points and some
uncertainties for the contact area. Specimens were cleaned using ethanol
immediately before testing.

A MTS 809 Axial/Torsional test system fatigue machine was used to
apply uniaxial fretting load to a single specimen at a time (see Fig. 3). A
universal joint was used to avoid over-constrained specimens to be
loaded asymmetrically. A Peak-Valley compensator in the test controller
was used, allowing for testing at higher frequencies whilst maintaining
full load ranges. Load and displacement were recorded during testing
and a pre-determined stopping criterion was assigned to the displace-
ment signal so that the test would stop when a crack had caused the
sample to elongate. A subset of samples were also equipped with strain
gauges on both flanks in order to more accurately record specimen
behaviour during the test (see Fig. 2). Load and displacement data were
logged at 50 Hz using the built-in load cell in the fatigue machine. FLAB-
5-11 strain gauges (TOKYO Sokki Kenkyujo Co. Ltd.) were recorded
using a HBM MX1615B amplifier at 300 Hz, resulting in large amounts
of data.

3. Numerical modelling
A series of 2D finite element analyses (FEA) were performed to

evaluate the design and to compare numerical predictions of fretting
fatigue performance with experimental results. FEA is often the
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Fig. 3. Fixture mounted in multiaxial fatigue machine with a single Ti-6Al-4V
specimen instrumented with strain gauges on both flanks.

preferred method of solving fretting fatigue contact, providing accurate
contact stresses and strains. For the case of uni-axially loaded specimen,
symmetry conditions permit the FE model to be halved, see Fig. 4.
Reference points are used as control nodes in top and bottom of the
model and kinematic couplings are used to attach the model degrees of
freedom to boundary conditions and loads. Abaqus 2017 FE software

F/2

Elx x .
2 ]
-~ IX X :
y b 1
x o

1
i

|

7

Fig. 4. 2D Finite element model. Symmetry conditions (uy =r, =r, = 0) is
applied along the centreline and bottom are fixed (u, = 0). Contact and sub-
surface area are meshed with structured bi-linear elements.
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package was used to solve for the stresses and strains. Python was used
to extract results and parallelised C++ was used to perform critical
plane computations.

Four-noded (bi-linear) plane strain elements were used due to
spatially small stress gradient compared to specimen width. Approxi-
mate global element size for the fixture is 2 mm and refined in critical
areas according to a thorough stress convergence study. Element size in
the chamber fillet is approximately 0.125 mm. For the specimens 1 mm
elements were used globally and refined to 0.25 mm at the fillet. Mesh
was allowed to be unstructured for the majority of the model, but
structured mesh is used for the subsurface material (see Fig. 4). For
accurate contact slip and stresses, a very fine mesh of 10 pm was
required in areas surrounding the contact. Due to the severe stress
gradients and micro-sliding, a highly refined mesh is necessary. It is not
uncommon with element sizes in fretting studies to be in the ranges of
10-50 pm and even down to 2-5 pm [15]. Here, contact stresses
converge rather quickly but for accurate values of relative movement
(slip) a fine mesh is important. A high resolution of subsurface stresses is
also useful for the critical plane post-processing stage when averaging
techniques are used, see Section 3.3. Material elasticity parameters for
Ti-6Al-4V used here are as were Young’s modulus of 115 GPa and
Poisson’s ratio of 0.32 [1].

Contact analyses are performed using Coloumb friction with two
different values for COF. To ensure accurate contact solutions, the
fretting interface is modelled using Lagrangian multipliers for normal
and tangential behaviour. Lagrangian multipliers introduces extra de-
grees of freedom to accurately solve the frictional sliding between the
master and slave body, pad and specimen respectively. Whilst a “pen-
alty” formulation is much simpler numerically, and sufficiently accurate
for contact stress analysis in many cases, the Lagrangian multipliers are
used if the contact slip conditions are important. “Hard” normal con-
ditions will cause FE solver iterations to enforce that no slave surface
nodes penetrate master surface elements. In some cases hard contact
makes convergence more difficult, but will provide more accurate re-
sults. A precise value for the COF is difficult to obtain, even through
extensive testing. Here, COF is not measured explicitly but numerical
simulations are performed with two different values, 0.55 borrowed
from [1] and one higher value of 0.70 [16]. Although often simplified as
being dependant only on the two materials in contact, COF is a systems
property and is depending on numerous factors, e.g. contact pressure,
surface roughness, environmental conditions, etc. Therefore, it is
reasonable to think that the COF itself will change throughout the
fretting life, particularly if frictional wear or plastic deformation alter
the contact conditions. Friction is known to be especially difficult to
represent in fretting fatigue, and is often reported to increase during
fretting life [17,16,18].

As the stress state in the contact area is assumed to be in plane strain,
the stress tensor is on the form

on(t) oy(t) O
G(t) = UX)‘([) 6,\“‘(1‘) 0 @
0 0z (1)

That is, the stress is three-axial with an out-of-plane z-component
owing to the material contraction due to the Poisson effect. It can be
shown to be reduced to a 2D problem, but is here solved using a general
three-dimensional post-processing code [19]. A separate, rotated coor-
dinate system is placed in the center of contact, as shown in Fig. 8. The
stresses are solved for at the element integration points and extrapolated
to the element nodes. They are then averaged for each connected
element to obtain the global nodal values. Subsequently, stresses are
transformed to the local contact coordinate system and extracted for a
subset of elements beneath the contact surface as shown in Fig. 4.

3.1. Contact analysis

Since contact normal load and tangential load for the dovetail in
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general vary proportionally, a Hertzian (cylinder on plane) type of
contact forms and grows in magnitude as axial load is increased. When
the load is released, shear instantly changes direction at the outer edges
of contact where the local frictional resistance is low. Now a partial slip
conditions appears, qualitatively comparable with the classical
Cattaneo-Mindlin (CM) solution [20,21]. In the CM solution however,
normal load is constant as the tangential load is gradually applied and
kept within frictional load.

Initially, during ramp loading, contact is in gross slip conditions, as
can be seen in Fig. 5. During the cyclic loading however, partial slip is
seen with the boundary between stick and slip changes continuously.
Therefore, a quite large area becomes severely fretted, causing multiple
potential sites for crack initiation. The value of Q/P is usually lower than
the average coefficient of friction, except during the ramping step.

The classical works by Ruiz et al. [4] presented two different math-
ematical parameters specific to fretting and fretting fatigue. The first
parameter (here denoted k; to meet the original notation) was obtained
by simply multiplying the largest tangential stress by the maximised
frictional work, thus being expressed as

ki = (0 i (76) @

where oy is the stress component acting parallel to the contact surface, ¢
is the shear stress and § is the relative slip. Previous studies, such as
[22,19] notes that this parameter is slightly inconvenient due to the
maximum frictional work and maximum tangential stress potentially
occurring at different locations. Thus obviously not being physically
sound. Ruiz et al. [4] also noted that, although they found reasonable
agreement with experiments performed for dovetail specimens, k; did
not indicate cracking location particularly accurate. An alternative,
empirical parameter was therefore proposed,

ky = 0,76 3

Thus, fretting fatigue damage is quantified by the product of shear
work (z8) and stress component acting parallel to the contact surface.
Numerically, the parameter k, is evaluated by integrating the specific
shear work over the fretting cycle, like in more recent versions of the
Ruiz criterion [23-25]. A considerable advantage of this parameter over
k; is that its local and can that it can easily be integrated over the fretted
surface (see Fig. 6). However, it is clear that, the Ruiz’ parameters lack in
terms of physical interpretation [5,2]. Regarding k, and as material
parameters is somewhat artificial, but nonetheless serves as a means of
comparison and is widely used in engineering practice [26,27]. Also
note that the parameters k; and k, are one-dimensional in this form but
can be extended to use for 3D models [25,28].

3.2. Critical plane analysis

As indicated in the previous section, simple fretting parameters like
Ruiz and its derivatives are very accessible and sometimes useful for
qualitative comparisons of different fretting situations. These parame-
ters can provide hot-spot indications but for more quantitative analyses
like life predictions, more thorough analysis is required and physical
criteria are preferred. Fretting fatigue crack nucleation in mixed and
partial slip regimes is commonly evaluated by using multiaxial fatigue
methods [29-33].

Here, stresses are extracted for eight time steps of the loading cycle,
for a node set representing the specimen subsurface and stored in
separate files. A critical plane post-processing procedure is then carried
out using the Findley parameter [34] for a variety of conditions. Since
the coefficient of friction is not known accurately for the actual system,
the critical plane analysis is made for a set of different values of COF (see
Fig. 14).

The multi-axial fatigue parameter proposed by Findley in the sixties
combines the shear loads with the normal loads. More specifically, the
critical plane is defined as the candidate material plane (7) experiencing
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Fig. 6. Ruiz FFD parameter. The left and right peaks in each plot are the leading and trailing edges, respectively.

the maximum combination of shear stress amplitude and maximum
normal stress over a stabilized cycle. Accordingly, maximising Eq. (4)
yields the critical plane. Findley damage parameter is here denoted as F
and may be expressed in a general three dimensional critical plane
context as

Foax = n;%X{F }= I%X{Ta(fﬁ, 0) + ko mar(h, 0) } 4

where 0 and ¢ are the first and second angular coordinates in a spherical
coordinate system centered in the material point, see Fig. 7. k is a ma-
terial parameter describing the material cracking sensitivity to normal
stresses, and is determined based on experimental data. Higher values of
k can be interpreted as increased sensitivity to opening mode effects on
the shear cracks. k is therefore normally lower for shear dominated
(ductile materials) than for brittle materials. Socie [35] propose to use
0.1-0.2 for ductile materials and Kallmeyer et al. [36] found 0.35 to give
best correlation with uni-axial and bi-axial data for Ti-6Al-4V. A value of
0.35 was found to work well in this study. The damage function (F) in
Eq. (4) can be thought of as the objective function to be maximised over

Fig. 7. Shear stress acting in the candidate plane 7.
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the space of possible material plane orientations and is visualized in
Fig. 13. The damage F is plotted as a function of material plane orien-
tation (6,¢), but as the stress histories obtained from FEA in reality is a
two-dimensional, critical plane needs only to be searched for over the
angle ¢. For the general 3D critical plane analysis using shear-based
criteria, additional complexity is related to the problem of defining
and computing resolved shear stress amplitudes. The shear stress history is
a two-dimensional path in the candidate plane [37,38], as illustrated in
Fig. 7. A very fine grid of angles (0,¢) is obtained with angular in-
crements of 1 degree. The resolved shear stress amplitudes used to
compute the damage 13 are computed with the maximum rectangular hull
(MRH) as demonstrated by Aratijo et al. [38]. This algorithm calculates
the shear amplitude by halving the largest diagonal of all rectangles
enclosing the shear stress path in the candidate plane. Rectangles are
computed by projecting the shear stress history on to a set of rotated
coordinate axes in z. It has computational advantages over the more
popular method of minimum circumscribed circle and handles non-
proportionality better.

In terms of the number of cycles to initiate a crack, fatigue damage be
expressed as [39]:

Fpae = 7,(2N;)" 6]

where r'f is the shear stress fatigue strength, Ny is the number of cycles to
initiate a crack and by, is the fatigue strength exponent. Material fatigue
parameters were borrowed from [1]. The shear fatigue strength was
calculated by

o (6)
Tf - \/§

where a} is the material uniaxial fatigue strength coefficient.

3.3. Theory of critical distances

It is well known that hot-spot fatigue evaluation over-estimate fa-
tigue damage when steep stress gradients are present. This is indeed the
case for fretting fatigue, where the subsurface stresses are high at the
contact edges due to contact pressure and discontinuities in shear trac-
tion. A very steep stress gradient is clearly visible in Fig. 12, where fa-
tigue damages are plotted for the specimen sub-surface. The peaks in
shear stress at the slip edges are seen in Fig. 5. Using the Theory of Critical
Distances (TCD), a material characteristic length (or depth) is used to
evaluate a process zone in which the stresses are averaged by a certain
criterion; using the Point Method the fatigue damage is calculated at the
center of the process zone and for the Volume Method the stresses are
averaged over the volume [1,40]. Here, the critical plane analyses are
performed using both the Point Method and Volume Method. More
specifically, the point method is implemented such that the fatigue life is

< Q(t) > P(t)

Pad *

Towe(t) /

Leading edge Trailing edge
Specimen Hot spot
Critical point

Critical volume

Fig. 8. Terminology for critical plane analysis using TCD. Note that the size and
position of the critical volume is not necessarily in scale; in many cases it will
reach the surface.
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evaluated at the critical point, defined as the material point at a distance
L/2 from the hot-spot along the hot-spot cracking direction. Refer to Fig. 8.
For the volume method, the fatigue damage is averaged over a ball (a
circle in 2D case) of radius L/2 centered in the critical point.

The numerical value of L is often related to the threshold stress in-
tensity factor of the material from LEFM [41,42,29]

2
Lot (ﬂ) @

AV

where AKy, is the threshold stress intensity factor for crack fatigue
growth and oy is the plain fatigue limit [42]. Here, the value is calcu-
lated using material parameters from Dowling [43]. With AKy =
5.5MPam and oo =583 MPa the critical distance L becomes
approximately 28 pm. This value is in range of values used in [1] for the
same material.

4. Results

Experimental results are shown in Table 3. A total of 15 tests, T1
through T15, were run until a stopping criterion was met or until run-out
limit, which was set to two million cycles. The loads followed a sine-
wave function with loading ratio R =0.1 at 20 Hz. The loads in
Table 3 are the peak (maximum) load for each specimen.

The two lowest loaded specimens were run-outs, see Fig. 14. All
remaining specimens failed due to fretting fatigue, with cracks initiating
from the near-center towards the trailing edge of contact and growing at
an angle 50-60 degrees from the surface as seen in Fig. 9. Initiation
angles seemed to be steeper for some samples as can be seen in Fig. 9b,
however, comprehensive study of the crack initiation site proved to be
difficult; cyclic contact pressure is still exerted on the fretted surface
after the crack has been initiated, causing some small damage to the
initiation sites. One can probably reduce this effect by defining more
strict stopping criteria in the test configuration. Additionally, the latency
introduced by peak-valley compensation caused some small damage to
the initiation site.

Fractography using scanning electron microscope (SEM) confirmed
that in general, cracks formed under the contact inside the slip region
near the theoretical point of initial contact (see Fig. 10b). As can be seen
in Fig. 10a, the EDM wired surface is very irregular and rough, with
melted drops and potential surface defects. The melted drops are
vulnerable to plastic flow as the pad comes into contact with the spec-
imen and are probably subjected to plowing during early sliding, as can
be observed as furrows in Fig. 10a around the edge of contact. Since the
contact is cylindrical in profile, particle ejection is mostly unhindered,
promoting wear. Debris particles caused by wear are seen on the fretted
surface and at the edge of contact.

A subset of specimens were equipped with strain gauges on each side,
as illustrated in Fig. 2. An example of the monitored strains are post-
processed and plotted in Fig. 11 for T12. Here, peaks and troughs are
extracted from the continuous signal and shown as separated lines for
each side. Notice how the strain range is slightly higher on the left side of
the specimen even though the opposite side is the one to experience the
fretting fatigue crack. Peak strains on the right side is slowly decreasing
from early on, even though the left strain is fairly constant until around
8.5:10°. Then, as the crack grows, strains quickly change. Peaks and
troughs are also shown for the overall displacement of specimen during
its lifetime. The transient response during the first few cycles after
loading is first probably dominated by fluid film effects in the U-joint
followed by some small contact plastic flow. The contact eventually
reaches elastic shakedown after which the response is relatively stable,
until sudden crack growth and failure. Displacements are slowly
increasing during the first few 100 k cycles until it stabilizes. This can be
due to increased wear and easy particle ejection during the early fretting
life, when the unworn Hertzian profile cause high contact stresses and
wear. By evaluating the increase in displacements, the onset of crack
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Table 3
Experimental test results. Samples marked with * were run-outs.
Test T1 T2* T3 T4 T5* T6 T7 T8
Load [kN] 5.00 3.00 4.00 4.50 3.50 6.00 3.75 4.25
Cycles 377972 2e6 1869836 952207 2e6 313831 1016966 1648296
Test T9 T10 T11 T12 T13 T14 T15
Load [kN] 6.50 5.00 5.50 4.00 4.80 4.20 5.20
Cycles 284403 624729 590233 1025609 722932 1293027 724374

S = SN

(b) Cracking direction for sample T9.
Fig. 9. Two typical cracking angles. Contact center and positive sliding direc-

tion is annotated by the arrow. The visible textures on the specimen sides are
due to being machined flat.

failure is demonstrated by dotted lines and found in general to be
90-95% of overall specimen life.

Separating fretting fatigue crack initiation life from the overall fa-
tigue life is in general an elusive problem. The definition of defect size
for which the transition from initiation phase to growth phase is not
unequivocally defined. Additionally, the relative importance of one
phase over the other is in general not known. As noted by Navarro et al.
[44], this transition may depend upon the fatigue criterion used, loading
condition, material, geometry, etc. and cannot be known a priori. If the
crack growth phase was to be significant, a modelling technique from
Linear-Elastic Fracture Mechanics (LEFM) could be used to subtract the
long crack growth regime. Here however, the fretting crack nucleation/

initiation life is assumed to be 90% of overall specimen fatigue life. This
is obviously a generalisation, but is perhaps somewhat justified by the
recorded “fretting maps” (see Fig. 11). Also, previous researchers have
reported initiation life in fretting fatigue of 85-95% [45-47].

4.1. Numerical post-processing

From the FE analysis, stresses and strains are extracted for a subset of
20,000 material points representing the specimen subsurface. By post-
processing the FE results using the Findley critical plane parameter,
the entire load history is conveniently transformed to a vector field
representing fatigue damage. The length of each vector represents the
fatigue damage in the material point and the angle represents the
cracking direction. Fig. 12 demonstrates the subsurface fatigue damage
for test cases T2 and T6 for two different values of COF. The hot-spot is
marked with its cracking direction vector by an arrow. The figure clearly
shows the steep gradients in the surface region, and highlights the edges
of contact as being the critical areas. Generally, trailing edge (x = 0.45)
of contact is found to be the hot-spot, as expected. The shapes of the
critical areas at contact edges are elongated due to the slip interface
changing throughout the loading cycle, thus “smearing” fatigue damage.

Findley fatigue damage parameter can also be plotted for single
material points as a function of 3D material plane orientation (6, ¢), see
Fig. 13. Here, the damage is calculated for a grid of 180x180 different
material plane orientations for the hot-spot and critical point for load
case T2. Due to the FE assumption of plane strain in the contact area, one
only need to search through one dimension of angles. Note the symmetry
of the damage parameter around 6 = 90°.

Negative values of the Findley parameter are due to small values for
the resolved shear amplitude and with negative (compressive) normal
stresses acting on the plane. Recall Eq. (4). Numerical simulations show
that the Findley parameter is very sensitive to coefficient of friction for
this geometry. Larger friction force gives higher shear stresses near the
surface.

The experimental results is plotted with a set of numerical pre-
dictions in Fig. 14. The effect of increasing COF is unsurprising. Life
predictions made without TCD are obviously over-conservative, how-
ever by using a critical distance found based on El Haddad [41],

(a) EDM wired surface.

(b) Fretted surface meets crack surface

Fig. 10. Scanning electron microscope image of fractured surface.
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predictions are significantly improved. It is clear, however, that the
slopes seen in the experimental results are different from the numerical
predictions and so the inaccuracy increase as the loads are reduced. With
respect to wear, this is slightly unexpected as wear often is thought to
wipe out potential initiation sites, resulting in longer lives. The abrupt
change in life prediction using the point method shows how evaluation
of fatigue life at a single point is somewhat sensitive to spatial
perturbations.

5. Discussion

The demonstrated test-rig is inspired by the classical dovetail fixture
designs and its many descendants; however, it has a number of small
additions which makes it capable of testing and comparing a wide range
of fretting fatigue conditions. The width of the gripping mechanism
permits specimens of different sizes to be tested. Additionally, the pos-
sibility of enclosing the lower gripping flange enable tests to be run in
submerged conditions. In a multi-axial test machine with combined
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tension-torsion actuators, additional excitation can be exerted on the
specimens. In this study however, only single specimens were tested in
dry conditions in room temperature.

A total of 15 EDM wired Ti-6Al-4V specimens were tested using the
new rig resulting in fatigue failure initiated from the contact. To
accompany the experimental data, numerical simulations were per-
formed using finite element methods. Linear-elastic stress results were
post-processed using Ruiz parameters and critical plane using the
Findley criterion. In general, Ruiz provided insights into the critical
areas, but failed to give meaningful life-predictions. The Findley crite-
rion proved to be reasonable accurate in predicting crack angle and life
when combined with the Theory of Critical Distances and length
parameter based on LEFM.

Specimens were monitored during testing using strain gauges col-
lecting large amounts of data. Post-processing the running data collec-
tion can potentially give valuable insights into fretting fatigue using
appropriate data analysis.

The numerical model used to correlate life predictions with experi-
mental results is evidently simplified. Like in many engineering appli-
cations, the analyses relied on bulk material properties, technical
standards and assumptions made for contact friction. One potential next
development step for the numerical model is to include wear analyses,
but as noted by [29], the added computational cost is not always justi-
fied. Specimens in this test program were mostly in mixed regime be-
tween partial slip and gross slip. It is hypothesised that the inclusion of

wear in the numerical model presented here will improve accuracy.
Plasticity effects are not accounted for either, but was only observed in
small, localized amounts related to the rough surfaces from the EDM
wiring process. Work is initiated to add routines to handle plasticity and
wear to the numerical model.

The new test rig demonstrated in this works has thus far only been
used in its most simple configuration: Dry contact and uniaxially loaded
specimens with cylindrical (Hertzian) contact pads. A planned
advancement experimentally is to apply additional excitations to the
specimens using the torsion actuators. Also of interest is to enclose the
dovetail chamber and test specimens in submerged conditions. Chang-
ing the contact geometry to complete or rounded-flat will increase the
resemblance with actual dovetail joints, increase contact stick and
change the surface stress concentrations.

6. Conclusion

A combined experimental and numerical study has been conducted,
using a new fretting fatigue test rig based on the classical dovetail joint.
The main aim of this project is to initiate a new capacity for performing
fretting fatigue experiments and associated numerical analysis. The
project provides groundwork for future fretting fatigue test programs
and parameter studies. The test setup has been demonstrated on a set of
EDM-wired specimens in an engineering context, using bulk material
properties and assumptions made for the coefficient of friction. The test
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rig is concluded to be appropriate for detailed studies of fretting fatigue
where material properties are of interest. This relies on explicit mea-
surements of the system coefficient of friction and carefully controlled
material properties and contact surfaces.
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