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1. Introduction

Fretting fatigue can be a controlling factor in the life of some aircraft engine components, such as turbine blade/disk
assemblies [1,2]. Fretting also occurs at threaded joints [3,4], in gears and shafts [5,6], and in wheel/axle assemblies [7] -
essentially wherever two parts are in forced-contact and subject to cyclic loading with the occurrence of limited slip be-
tween the two parts. The analysis of fretting in turbine engines can be rather complicated due to the loading and temper-
ature variations, complex component geometry, anisotropic material properties, residual stress, and non-trivial crack
geometry, which might include multiple, interacting/branching, non-planar cracks. Although engine components are de-
signed to minimize fretting fatigue [8,9], it often still occurs, leading to possible premature or catastrophic failure due to fret-
ting induced discrete crack nucleation and growth.

A growing number of technical journal articles are devoted to fretting fatigue, and in particular, to the development and
validation of fretting fatigue crack nucleation models [4,6,10-18]. Typically, fretting nucleation models are based on exper-
imental observations and analytical, semi-analytical or finite element predictions of the contact stress and/or strain near the
edge of contact (EOC). These nucleation models generally predict the number of cycles to nucleate a crack, and some also
predict the location and orientation of the initial crack.

The EOC is typically a region of high stress (and strain) and a common site for fretting crack nucleation. Closed-form solu-
tions for the stress in the contact region have been developed for some simple cases, such as sphere-on-flat or cylinder-on-
flat geometries [19]. Approximate numerical techniques, such as singular integral equations [20,21] or finite element (FE)
methods [7,14,22] are used when closed-form solutions are not possible or practical. FE modeling of the contact region re-
quires non-linear solution strategies, special elements or constraints on the contact surface, and a sufficiently refined mesh
to capture the potentially singular stresses at the EOC.
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Nomenclature

ceq equivalent stress fretting model parameter

Verit critical shear stress fretting model parameter

Ieie Smith-Watson-Topper fretting model parameter
Q RAI's crack analog fretting model parameter

N; number of load cycles for fretting crack nucleation
P normal load on fretting test specimen

Sinax maximum tangential load on fretting test specimen
Smin minimum tangential load on fretting test specimen
EOC Edge of contact

LE Leading edge of contact

TE Trailing edge of contact

da/dN  Crack growth per cycle

Kinin minimum Mode I stress intensity factor

Kinax maximum Mode [ stress intensity factor

Kefr effective Mode I stress intensity factor

Ken threshold Mode I stress intensity factor

R ratio of Kiin/Kmax

SIF stress intensity factor

Various stress- and strain-based fatigue models have been used quite successfully to predict fretting fatigue crack nucle-
ation cycles and crack location [11-14]; the critical plane versions of these models also predict the initial crack orientation.
Lykins et al. [23] evaluated a number of these models using experimental data, and then proposed a new model that uses the
critical plane shear stress amplitude [13]. This new model has been used successfully to compute the number of cycles to
nucleation as well as the location and orientation of the initial crack in experiments. Another model is based on an equivalent
stress parameter [12,24]; this model does not provide crack orientation, but has been used successfully to predict the crack
nucleation location and nucleation cycles.

These stress- and strain-based models are often found to be conservative as they under-predict the number of cycles to
nucleation. Moreover, they lack a length scale. To account for these issues, averaging over a small distance or volume can be
performed [4,25,26]; this concept can be related to the nonlinear process zone at a crack front. Borrowing further from frac-
ture mechanics, another class of fretting nucleation models, called notch- or crack-analog models [4,15-18,27], have been
developed. The various analog models differ primarily in the handling of friction, slip and geometry effects. The analog model
developed by Ahmad and Santhosh [16] avoids some of these issues by computing the nucleation parameter under bonded
conditions.

Fretting crack nucleation generally leads to discrete crack growth. Typically, the crack growth is divided into two stages
[18,28]; the first stage is inclined growth from the surface near the EOC, driven by shear stress on the contact surface, and the
second stage is growth that is roughly perpendicular to the contact surface and dominated by the bulk tensile stress. Studies
of fretting crack nucleation and propagation have been performed using analytical and FE techniques [12,29-33]. Mostly,
these analyses have been limited to two-dimensions (2D) or constrained to simplified three-dimensional (3D) planar,
semi-elliptical cracks.

A typical crack growth simulation starts from an initial crack; thus, the initial nucleated crack size must be defined. Dur-
ing laboratory testing, fretting nucleation cycles are counted until a crack is nucleated, after which crack propagation cycles
are counted. The sum of the two represents the total fretting fatigue life of the component. Lykins et al. [13] defined the ini-
tial crack size based on typical eddy-current detection limits (760 x 380 um), and then computed nucleation and propaga-
tion lives by counting striations on fracture surfaces. Golden and Calcaterra [34] define the initial crack to be 25 x 125 pm,
based on fractographic analyses. Navarro et al. [35,36] developed a model that does not require a strict definition of the ini-
tial crack size; instead the initial crack size is determined from the combination of the nucleation and propagation rates.

By combining the fretting fatigue crack nucleation cycles with discrete crack growth cycles, an analyst can predict the
total life of a component that is subject to fretting fatigue. From the authors’ perspective, a shortcoming of the above studies
has been the simplified fracture mechanics and crack growth analyses that have been performed (either 2D or simplified 3D
crack shapes). One exception to this is the work of Pierres et al. [37] who used the extended finite element method (XFEM) to
simulate 3D cracking observed during a sphere-on-plate fretting fatigue test.

This paper describes a new approach for simulating, in 3D, both fretting nucleation and discrete crack propagation using
standard finite element analysis capabilities of ANSYS [38] and FRANC3D [39]. The combined software allows an analyst to
use one or more of the available fretting nucleation models to predict fretting crack nucleation cycles as well as location and
orientation of the initial crack(s). Subsequent discrete 3D crack growth simulations can then be performed to compute stress
intensity factor (SIF) histories, which are used to determine crack propagation cycles.
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The fretting nucleation, crack growth, fatigue life models and the software are briefly described in the next section. The
software and simulation approach are validated using experimental and field data obtained from the literature, as described
in Section 3, while Section 4 discusses the stochastic nature of this data and the range of numerical predictions provided by
the models and the software.

2. Fretting fatigue analysis methodology
2.1. Analysis software

Fretting fatigue can be simulated using standard FE analysis capabilities. For instance, ANSYS [38] is widely used in indus-
try to perform stress analyses of turbine engine components, and includes capabilities for modeling contact between mating
parts. The FE analysis provides the displacement, stress, strain and contact information. These results along with the FE mod-
el itself are passed along to FRANC3D [39] for fretting and discrete crack analysis. In addition to discrete crack growth capa-
bilities, FRANC3D now includes fretting fatigue crack nucleation models, which are used to predict the fretting cycles and the
initial crack geometry, specifically the size, location and possibly orientation of the crack(s).

2.2. Fretting crack nucleation

To observe and measure fretting fatigue, simple coupon-type testing is often conducted. A typical fretting test consists of
a specimen and pads as shown in Fig. 1. A constant normal load (P) is applied to the fretting pads, and then the specimen is
subjected to a cyclic axial load (S;;qx—Smin), Which produces shear between the specimen and the pad. Fretting crack nucle-
ation occurs after a sufficient number of load cycles.

The usual result of such fretting fatigue experiments is a plot, similar to Fig. 2, where the number of cycles to crack nucle-
ation is plotted against a fretting parameter, f,. The data is typically fit to an equation of the form:

o :aNf+cN§j (1)

This equation then is used to determine the number of cycles to nucleation, N;, given f, and the four coefficients: a-d. The
coefficients are material dependent and defined by the fretting nucleation model.

Four fretting nucleation models have been implemented in FRANC3D: the equivalent stress [12,24], the critical plane
shear stress amplitude [13], the critical plane Smith-Watson-Topper [11,23], and a crack-analog model [16]. The model
equations and parameters are briefly summarized here.

specimen

-
-

Fig. 1. Schematic of a typical fretting fatigue experiment.
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Fig. 2. Typical fretting fatigue experimental test data (adapted from [40]).
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The equivalent stress model is defined by:
Geq = 0~5(Ao-psu)w (O-max)17W (2)

where A6, and omqy are functions of the nodal stress components and w is a material dependent fitting parameter. Based
on curve fitting of experimental data, the equation, in the form of (1):

Gog = aN? + cN? 3)

relates o4 to N;, where coefficients a-d are material dependent fitting parameters. For example, for Ti-6A1-4V, a = 52476,
b=-0.6471, c=450.85 and d = —0.03582 [24].
The critical plane shear stress amplitude model is defined by:

Verie = Tmax/G(1 = R)™ (4)

where T4 is the maximum shear stress on the critical plane, R; is the shear stress ratio, G is the shear modulus and m is a
material dependent fitting parameter. Substituting y.; for o, in Eq. (3), one can compute N; given the appropriate values for
the coefficients a-d. For Ti-6Al-4V, a = 6.46, b= —0.686, c=4.65 x 10 — 3 and d =1.22 x 10 — 2 [40].

The critical plane Smith-Watson-Topper model is defined by:

Ieit = Omax(AE/2) = (O’f/E)(ZN,-)Zb 4 8f(2N,<)b“ 5

where 0,4 is the maximum principal stress and A¢ represents the normal strain amplitude on the critical plane; this equa-
tion is already in the form of Eq. (3). E is the elastic modulus, oyand &fare material strength parameters, and b and c are fitting
parameters. For Ti-6Al-4V, 7=376.6 MPa, b=1.78 x 10 — 4, c= —0.767 and &= 32.4 [40].

The crack analog model is quite different from the above three models. First, the fretting parameter (Q) is only computed
at the nodes along the EOC. Second, the FE analysis must be conducted with bonded contact conditions rather than the stan-
dard contact (that allows for slip and requires a coefficient of friction). Q can be related to J; from linear elastic fracture
mechanics [16]:

Q = (J4E/(1 = )2 (6)
where v is Poisson’s ratio. N; is computed from:
logN; = (2~ AQ)/p (7)

where « and g are material dependent fitting parameters. AQ = Qmax — Qmin, iS determined from the maximum and minimum
load cycles.

An uncracked FE model along with displacement, stress, strain and contact status results is used to compute fretting
nucleation. Contact surfaces are automatically determined from the FE model data and the contact status, and the EOC then
is determined from the boundary of the contact surfaces. The analyst can choose one (or more) of the four fretting nucleation
models described above to compute N; and the initial crack location (and possibly the initial crack orientation). For every FE
node on the contact surface, the nodal displacement vector along with the stress and strain tensors are extracted from the
imported analysis results. These results are processed to determine the value of the chosen fretting model parameter and the
corresponding N;. Crack nucleation is predicted to occur at the location where N; is the minimum.

Note that the N; versus f, curve fit is based on experimental data, where cycles are counted until crack nucleation occurs.
This implies that a nucleation crack size is pre-defined, and crack growth simulations can start from this initial crack size.

2.3. Fretting crack propagation

Discrete crack propagation starts from the initial fretting crack. A small portion of a FE model can be extracted from a full
model and imported into FRANC3D, where crack nucleation and growth is performed. The cracked and remeshed sub-model
is recombined with the rest of the model and then analyzed; this means that the solution includes all the relevant boundary
conditions and accounts for any load path changes as the crack grows. The process is illustrated in Fig. 3 using a mini-turbine
disk test specimen [41]; a small portion of the disk is extracted, cracked, remeshed and then recombined with the full model
for analysis. The mesh facets and nodes on the cut-surface are retained to maintain compatibility with the full model.

A fretting fatigue analysis is complicated by the contact conditions, multiple load cases, and multiple material regions.
Typically, a crack is inserted within or near the edge of original contact surface in one of the regions. The contact surface
is automatically redefined after crack insertion and after each step of crack growth because the surface-mesh adjacent to
the crack mouth changes. In addition, contact conditions on the crack surface are automatically generated if the analysis re-
quires it, which occurs if the minimum load case (S,,;;) is negative and causes crack closure.

At each step of crack growth, the cracked local portion is joined with the global portion of the model and a full FE stress
analysis is performed. The simulation ultimately produces a series of crack fronts and associated SIFs along the fronts. A SIF
history is extracted by following a path that intersects successive crack fronts. This SIF history is required to compute crack
propagation cycles as described in the next section.
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Fig. 3. FRANC3D sub-modeling approach [39].

2.4. Fretting fatigue life

The fatigue life of a component that is subject to fretting is the sum of the fretting nucleation cycles plus the crack prop-
agation cycles. The fretting nucleation cycles are computed from the chosen fretting nucleation model (see Section 2.2). The
discrete crack propagation cycles are computed based on the SIF history and a crack growth rate model. Several crack growth
rate models are available, including the Paris [42], NASGRO [43] and AFRL [34] equations. Using the selected growth rate
model, SIF history and appropriate material dependent data, the propagation cycles are computed and then added to the fret-
ting nucleation cycles to determine the total life.

3. Fretting fatigue simulation results

The analysis approach and software described in Section 2 is used to simulate fretting fatigue in both test specimen and
actual turbine-engine parts. A typical fretting test specimen is simulated first to validate the fretting nucleation models and
the software implementation. A second fretting test specimen, which more closely resembles turbine-engine blade/disk con-
nections, is simulated next to validate the fretting nucleation models, the discrete crack growth and the total fatigue life
computations. The third model represents actual turbine-engine blade/disk geometry and provides additional validation.

3.1. Analysis of dog-bone specimens

The software described in Section 2 is used to compute fretting crack nucleation cycles and locations in standard fretting
coupon tests of dog-bone specimens with round indenters [13,23]. A sketch of the fretting test specimen and pad is shown in
Fig. 4. The leading EOC (LE) and trailing EOC (TE) are shown to help locate the crack nucleation site(s).

A 3D FE model of the fretting specimen and pad is built using ANSYS, taking advantage of symmetry through the spec-
imen thickness so that only one fretting pad is modeled. A sample of five of Lykins’ fifty test cases are analyzed here; all use
the same geometry and the same normal load (P) but with varying S;,qx and S, Table 1. The loads are applied using three
load cases. First, P is applied (see Fig. 1), and then held constant at 1.3 kN. Second, S,q is applied to the fretting specimen
(see Fig. 1). The final load case ramps the axial stress down from S,;,4x t0 Spin. Qmax and Quuin Values in Table 1 are the measured
tangential reaction forces on the fretting pad. The fretting specimen and pad are both Ti-6AI-4V; the elastic modulus is
126.1 GPa, Poisson'’s ratio is 0.34, and the coefficient of friction on the contact surface is set to 0.5.

For each test case, Lykins calculated values for the )i and I'. fretting models. Although Lykins does not provide pre-
dicted N; values for each specimen and nucleation model, he does report a + 3N; scatter between experimental and predicted
nucleation cycles, for the lower range of N; values. The predicted N; values fall within these bounds, and are similar to Lykins’
experimental (exp) results for N; as shown in Tables 2 and 3. The last column in Tables 2 and 3 show the ratio between the
predicted and experimental N; values; all values are within +3N;.

Fig. 5 shows the I'; color contours on the contact surface for specimen #10. A crack nucleation site is predicted at the TE
near the free surface of the specimen for both the ). and I'.;; models; this matches the location observed in the experi-
ments [40].
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Fig. 4. Sketch of Lykins fretting specimen and pad [40].

Table 1
Applied loading for Lykins’ dog-bone specimens [40].
Specimen number Smax (MPa) Smin (MPa) Qmax (KN) Qmin (KN)
2 699.6 439 0.498 -0.316
6 424.6 35.2 0.547 —0.445
10 528.7 2322 0.191 -0.214
11 686.6 455.8 0472 0.12
18 410.1 273.2 0.467 0.125

Table 2
Gerie NUcleation model comparison - experimental versus predicted.
Specimen number Lykins (experiment) Predicted Verie Difference (%) N; ratio
Yerit Ni (exp) Yerit N;
2 9.96e-3 2.84e4 1.01e-2 3.67e4 -0.94 1.3
6 7.08e-3 8.27e4 0.71e-2 1.69e5 0.29 2.0
10 6.86e—3 2.36e5 0.64e—-2 3.76e5 6.63 1.6
11 7.37e-3 3.34e5 0.63e-2 4.93e5 15.1 1.5
18 5.27e-3 4.50e7 0.44e-2 >1e9 17.1 -
Table 3
SWT nucleation model comparison - experimental versus predicted.
Specimen number Lykins (experiment) Predicted I i Difference (%) N; ratio
FErit Ni (EXP) Fcrit Ni
2 3.79 2.84e4 3.73 3.07e4 1.67 1.1
6 2.08 8.27e4 2.04 1.19e5 1.69 1.4
10 1.81 2.36e5 1.77 1.89e5 2.05 0.8
11 1.92 3.34e5 1.70 2.20e5 11.3 0.7
18 1.06 4.50e7 0.87 >1e9 17.7 -

3.2. Analysis of dovetail test rig

A more advanced fretting fatigue test rig has been designed [34,44], which provides a more realistic comparison to a tur-
bine engine blade/disk dovetail contact. A sketch of the fretting test specimen and pads is shown in Fig. 6 with the lower EOC
(LE) labeled to help locate the crack nucleation site(s); the loading grips are not shown.

A 3D FE model of this test rig is built using ANSYS taking advantage of symmetry so that only half of the specimen and one
fretting pad are modeled. The fretting surface is at a 45° orientation relative to the horizontal and vertical axes. The model is
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Fig. 6. Sketch of dovetail fretting test [34,44].

Table 4
Computed fretting nucleation parameters and cycles for dovetail test rig.
(MPa) N;
Verit 0.011 2.71e4
Terie 517 1.73e4
Oeq 403 1.98e4

analyzed using two load steps, representing S;,qx and S;;». The fretting specimen and pad are both Ti-6Al-4V; the elastic
modulus is 126.1 GPa, Poisson’s ratio is 0.3, and the coefficient of friction on the contact surfaces is set to 0.3.

Based on the 16 experiments, Golden and Calcaterra [34] have computed fretting fatigue crack nucleation lives between
5000 and 50,000 cycles. The maximum value of the fretting parameters and the corresponding predicted N; are given in
Table 4; the nucleation cycles fall within the above range. Fig. 7 shows the o4 color contours. The LE is the typical site of
crack nucleation in the experiments [34]. The fretting nucleation models indicate different crack nucleation locations along
this EOC. The I'ci; and 6.4 models predict crack nucleation near the left end of the LE while the y model predicts crack
nucleation near the right end. Golden and Calcaterra [34] do not indicate a particular preferred crack nucleation site along
the LE from the 16 tests, but have analyzed a surface elliptical crack at the specimen mid-thickness with a depth of 25 pm
and length of 125 pm.

3.2.1. Crack growth simulation for dovetail test rig

A portion of the full ANSYS model was extracted for crack growth analysis, Fig. 8. An initial elliptical surface crack with
dimensions of 0.125 x 0.025 mm is inserted into the model at mid-specimen thickness at the LE (Fig. 9 - left panel). This
initial crack is propagated for several steps to get an initial SIF history. Then a 0.25 mm deep edge crack is inserted along
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Fig. 8. FE model of dovetail fretting test rig with extracted sub-model.
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Fig. 9. Initial, 0.125 x 0.025 mm surface crack (left panel) and subsequent 0.25 mm deep edge crack (right panel) in dovetail fretting specimen sub-model.

the entire length of the LE (Fig. 9 - right panel). This is done to simplify the subsequent crack growth simulation and to speed
up the simulation as the ANSYS analysis for each crack growth step was taking up to 8 h. The initial edge crack is propagated
for 35 steps at which point the crack front has almost reached the top of the specimen. The crack has grown to about 12 mm
in length, as shown in the left panel of Fig. 10.

The observed surface trace of the crack from one of the tests is shown in the right panel of Fig. 10. The observed crack is
approximately 10 mm long and inclined 18° from the normal to the contact surface. For the 16 tests, the observed angles

varied from 13° to 18° [34]. The simulated crack is not a planar surface, but the average inclination is about 16°, which is
in the observed range.
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Fig. 10. Simulated (left panel) and observed (right panel - courtesy of Golden) crack path in dovetail fretting test rig specimen.
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Fig. 11. Mode I SIF (Kinq) history for a crack in the dovetail fretting test rig model.

The Mode I SIF (Kjnqx) history is shown in Fig 11. The SIF history is computed along a path through the mid-points of the
crack fronts. The Mode I SIF values begin to decrease as the crack front approaches the top of the specimen. The crack growth
cycles can be computed using the appropriate Ti-6Al-4V crack growth rate data and the (AFRL) equation [34]:

da s (K \ 1o (Kep\ 12T, Ko\ 1
t1-oomse () o () [ (52
where Ke = Kinax(1 — R)™ and R = Kpin/Kmax K, B, P, Q, d and m are material dependent constants.

The resulting crack growth cycles are shown in Fig. 12. The loading is constant amplitude with R = 0.1, and the stress
intensity range is above threshold (4.2 MPa m'/?) for this material. The resulting number of discrete propagation cycles is
approximately 2.46e5. The predicted number of fretting nucleation cycles ranges from 1.7e4 to 2.7e4. Thus the predicted
total number of cycles is between 2.63e5 and 2.73e5. This is consistent with the observed number of cycles in the experi-
ments, which ranged from 1e5 to 1e6 [34].

This crack growth simulation was based on the maximum load. It was assumed that an R of 0.1 would be sufficient to
keep the crack open at all times and this simplified the numerical modeling effort as crack face contact did not have to
be imposed. It was assumed that Kj,in/Kimaex Would reflect this same R value. A more thorough analysis of the fatigue life
and variation of Kypin/Kimax With crack length is beyond the scope of this paper.

3.3. Analysis of turbine blade/disk dovetail

An ANSYS FE model of a single sector of a turbine blade/disk assembly is shown in Fig. 13. The blade and disk material are
both Ti-6AI-4V with an elastic modulus of 126.1 GPa and Poisson’s ratio equal to 0.3. Loading consists of nodal temperatures
and rotation, applied using five load steps. The load steps are defined at 50%, 72%, 110%, 72% and 50% of nominal loading.

The model has two sets of contact surfaces (pressure side and suction side) that must be considered during the fretting
fatigue analysis. The coefficient of friction is set to 0.5 for both contact surfaces.

Fretting nucleation parameters are shown in Table 5, using load steps 3 and 1 as the maximum and minimum, respec-
tively. The contour plot for the ., parameter is shown in Fig. 14. The three fretting nucleation models predict different crack
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Fig. 12. Crack growth cycles for a crack in the dovetail fretting test rig model using the AFRL crack growth rate in Eq. (8).
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Fig. 13. FE model of a single sector blade/disk assembly.

Table 5
Computed fretting nucleation parameters and cycles for the blade/disk dovetail model.
(MPa) N;
Verit 0.015 1.32e4
Fcrit 2.089 5.11e4
Oeq 403 1.98e4

nucleation locations, as indicated in Fig. 14. The maximum o, is located near the corner of the pressure side and forward
face of the blade on the upper EOC. Relatively high values of g.q also exist midway along the upper EOC on the suction side
of the blade. The maximum 7. is located on the suction side of the blade on the upper EOC at the corner of the aft face. The
maximum I value occurs in the disk rather than the blade, mid-way along the lower EOC on the suction side.

3.3.1. Simulated discrete cracking

Discrete crack growth simulations are performed at two locations on the blade, the nucleation sites predicted by the o4
and 7. models. Crack growth from other locations on the blade and disk could be analyzed, but this is beyond the scope of
this paper. As shown in Fig. 14, the maximum o, parameter is located on the blade, on the upper EOC, on the pressure side,
near the forward face. A penny-shape (radius = 0.2 mm) surface crack is inserted at this location, Fig. 15, and then propa-
gated; this location will be referred to as PBU.
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Fig. 14. Contour of parameter o4 on the blade surface. ¢., Model predicts crack nucleation on pressure side of blade at the upper EOC, y model predicts
crack nucleation on suction side of blade at the upper EOC, and I'.;; model predicts crack nucleation on the suction side of the disk at the lower EOC
(contours on disk not shown).
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Fig. 15. Initial crack inserted at PBU location.
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Fig. 16. Mode I SIF histories for PBU and SBU crack locations in blade/disk model.
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Fig. 17. Crack propagation cycles for PBU and SBU crack locations in blade/disk model.

As indicated in Fig. 14, the maximum Y. parameter is located on the blade dovetail surface, on the upper EOC, on the
suction side, at the aft face corner. A penny-shape (radius = 0.25 mm) corner crack is inserted at this location also and then
propagated; this location will be referred to as SBU.

3.3.2. Crack growth rate comparison

To compare the crack growth at the PBU and SBU locations, crack growth cycles are computed based on the respective SIF
histories. Fig. 16 shows the Mode I SIF histories along a path through the mid-points of the two sets of crack fronts. The load-
ing is constant amplitude loading with R = 0.2. The AFRL crack growth rate Eq. (8) is used to compute the number of cycles
(Fig. 17). The two crack locations have similar Mode I SIF values and, therefore, have fairly similar crack growth rates. Based
on the predicted crack nucleation and growth, it is likely that cracking will be observed in both locations. It is also possible
that cracks will be observed in the disk based on the I'; fretting model predictions.

3.3.3. Observed cracks

Barlow and Chandra [1] show images of cracks in the blade material and Enright et al. [45] show images of cracks in the
disk. Crack growth simulations at all of the critical locations could be performed to determine the most critical location in
terms of minimum fatigue life, but this is beyond the scope of the current study. Typically, multiple fretting cracks might
nucleate along the EOC [1,46], and this is the focus of a separate study.

4. Discussion

The simulations in Section 3 illustrate the analysis methodology and the capabilities of the software for simulating the
fretting fatigue crack nucleation and propagation process. However, it is clear that the prediction of fretting fatigue crack
nucleation is rather imprecise. Fretting fatigue experiments provide a range of nucleation cycles along with a variety of crack
locations (and possibly orientations). The numerical predictions typically fall within these ranges, but the data clearly calls
for predictions that are realistically stochastic.

There are differences in the predictions from the various fretting nucleation models; this is expected as the models use
different data and concepts. Four fretting nucleation models, available from the literature, have been implemented, and addi-
tional models could easily be included. An analyst can pick the one model that works best for the particular component
geometry and material, or predict a range of fretting cycles and crack locations based on multiple models. As was shown
in Sections 3.2 and 3.3, different fretting models might predict different crack nucleation locations, and it was shown in Sec-
tion 3.1 that different fretting models can predict essentially identical crack nucleation locations but at different values of
cycles. All the predictions fell within the experimental ranges, however.

Much of the data that enters into the numerical simulation is stochastic, including the component geometry. Small dif-
ferences in contact surface dimensions and orientations could potentially lead to different results. Also, variations in the con-
tact surface properties, in particular the friction coefficient, could lead to different predictions. These variations have not
been systematically studied in this paper. However, the software described herein provides a suitable platform for perform-
ing these types of parametric sensitivity studies. Multiple FE analyses can be performed and the results quickly analyzed for
fretting nucleation.

The available fretting nucleation models are essentially empirical, based on observations and measurements from exper-
iments and correlated with computed numerical values. Some studies have focused on the micro-mechanical behavior of the
contact surfaces, modeling discrete grains using elasto-plastic material models to determine the underlying mechanisms of
fretting crack nucleation [47]. Micro-mechanical simulations, which use the FRANC3D software, are being performed at
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Cornell University to study general fatigue mechanisms in metals [48,49]. These studies focus on correlating detailed micro-
scopic images of fatigue crack incubation and nucleation in an aluminum alloy subjected to cyclic loading. The observed fa-
tigue cracking on the specimen surface along with the load history was replicated in numerical simulations to arrive at better
physics-based mathematical models for crack nucleation. This same approach could be extended to study fretting fatigue
crack nucleation, where the crack nucleation process will include the surface-to-surface contact mechanisms. However, di-
rect observation of the contact surface during testing usually is not possible, and it might be difficult to reproduce results
when doing start-stop type testing due to the potential loss of trapped wear debris when separating the in-contact compo-
nents and because the local slip history will be disturbed.

5. Observations and conclusions

This work describes an innovative approach for integrating existing fretting fatigue crack nucleation models, off-the-shelf
commercial finite element software, and discrete crack growth simulation capabilities to compute total fatigue life for com-
ponents that are in contact with limited slip or sliding.

Fretting fatigue crack nucleation and subsequent propagation is simulated in 3D using standard commercial finite ele-
ment software (in this case ANSYS), along with a 3D fracture analysis simulation program, FRANC3D. Four fretting nucleation
models, available from the literature, are implemented to provide an analyst with a prediction of fretting nucleation cycles
and initial crack location. The selection of the fretting model relies on user preference and experience; alternatively, multiple
models can be selected to provide a range of predictions. Subsequent discrete crack growth is simulated with the combined
software to provide SIF histories and propagation cycles. The total fretting fatigue life is the sum of the fretting nucleation
and the discrete crack propagation cycles.

The software and the simulation procedure have been validated against experimental data for both fretting crack nucle-
ation and subsequent discrete crack growth. Fretting cycles and crack nucleation sites match those observed in typical fret-
ting experiments, as shown in Section 3.1. For this fretting test, the predicted number of fretting cycles based on the 7y and
I' i fretting models falls within the experimental scatter, and the predicted crack location near the free surface at the trail-
ing edge of contact matches well with experimental observations. For fretting test specimens that more closely resemble
turbine engine blade/disk components, predictions of fretting nucleation cycles and discrete crack propagation cycles also
fall within experimental observations, as shown in Section 3.2. In addition, the discrete crack growth trajectory closely
resembles that from the experiments.

The goal of the software development was to provide a framework for quickly and easily modeling the fretting fatigue
process in actual turbine engine hardware. As shown in Section 3.3, using an existing FE model of a blade/disk assembly,
fretting cycles and nucleation sites are predicted that are comparable to observations from the field. These predictions might
be adequate for an engineering analysis; however, the stochastic nature of the data and the imprecision of the predictions
indicate that a more fundamental understanding of the fretting process is required as a basis for accurate, stochastic, case-
independent simulations. Micro-mechanical software tools could be used to simulate the fretting nucleation process to gain
a better understanding of the underlying physical mechanisms. This potentially could reduce the uncertainty in predicting
the number of cycles and fretting crack nucleation, leading to more accurate predictions of total fatigue life.
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