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The fretting fatigue and crack propagation of an aircraft engine fan dovetail attachment made ofTi-6Al-4V alloy 
has been numerically modeled and compared with controlled spin test results. The study suggests the fretting
specific modified SWT parameter predicts the nucleation location of the crack more accurately compared to the 
plain fatigue SWT parameter. The fretting model uses a prescribed coefficient of friction value of 0.7, obtained 
through calibration of 30 crack growth simulations with the fractured components in regards to crack trajectory, 
aspect ratio, shape, and propagation life 

1. Introduction 

Fretting is the relative tangential motion 8 occurring between 
clamped bodies in contact when subjected to oscillatory forces [1]. 
Tangential amplitudes as low as 25 µm to 100 µm resulting from fret
ting can significantly reduce the fatigue performance of materials re
lative to their plain fatigue limits [1,2). Fretting is generally accom
panied with severe stress gradients localized at the edges of contact. 
Depending on, but not limited to other influential variables such as the 
coefficient of friction (COF), contact pressure, and loading, fretting may 
result in fretting fatigue, fretting wear, or a combination of both [3]. 
Fretting fatigue is distinct from fretting wear in that fatigue is the pri
mary damage mechanism while wear is a secondary damage me
chanism. Additionally, the nucleation life is controlled mostly by fret
ting whereas subsequent long crack propagation or crack arrest is 
controlled by stresses in the bulk of the material away from the contact 
region. This is in contrast to fretting wear, where very large strains and 
localized plastic conditions at edges of contact result in a permanent 
loss of material [3-5). Further adding to this distinction, cracks nu
cleating from fretting fatigue typically grow normal to the contact 
surface and exist in elastic stress fields [1]. Thus, modeling techniques 
based on the fundamentals of linear elastic fracture mechanics (LEFM) 
have been previously used [6,7) to successfully simulate crack growth 
for fretting fatigue applications. 

Fretting fatigue is a costly problem associated with high cycle fa. 
tigue (HCF) and is a major life limiting factor for aircraft en即e com
ponents, particularly for dovetail slot attachments used for blade-disk 

assemblies in compressors or turbines [2,8]. The dovetail attachment 
fixture commonly used for bladed fans undergoes complex 3D non
proportional multiaxial stress states, where the three principal stresses 
change direction during loading [2]. These stress states are induced by 
steady and dynamic loading. Steady loads are generated mainly due to 
centrifugal forces acting on the dovet叫 interface at an applied angular 
velocity, with secondary steady loads arising due to thermal gradients 
which may occur during operation. Vibratory stresses are superimposed 
on steady stresses and are caused by aerodynamic or mechanical ex
citations acting on the blade which result in oscillatory motion at the 
blade-disk interface (8-10] . Several investigations were conducted to 
study and characterize the fretting fatigue behavior of aircraft engine 
components in service [10-12]. These investigations reveal that con
trary to compressor or turbine blades where the influence of HCF is 
significant on both crack nucleation and crack growth [13-15], for 
fretting fatigue HCF is found to be a major contributor to crack nu
cleation whereas subsequent propagation is attributed mainly to low 
cycle fatigue (LCF) loading 

Damage caused by fretting is difficult to model and predict since 
both fatigue and wear occur concurrently with competing effects [4]. 
For this reason, earlier modeling attempts focused mainly on conditions 
where one of the damage mechanisms, namely fatigue, is dominant, 
while ignoring secondary damage considerations attributed to wear. As 
such, strain-based fatigue and critical plane methodologies such as the 
Smith-Watson-Topper cswn model [16] have been successfully used in 
the past (17-20] to determine fretting crack nucleation life as well as 
the location of the fretting nucleated crack for Ti-6Al-4 V titanium alloys 
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after taking into consideration the effects of contact [2] . The SWT cri
terion has also been used successfully [21) for predicting crack nu
cleation in contact subjected to fretting wear loading without the pre
sence of bulk fatigue loads. Other critical plane fatigue models such as 
the Fatemi-Socie (FS) parameter [22) have also been used successfully 
to predict fretting fatigue [17). However, it is thought that the SWT 
parameter is a more logical macroscopic model for fretting fatigue 
applications given that the localized tensile stresses dominate the 
characteristic initiation site [2]. 

Critical plane approaches although previously used successfully, 
lack a secondary damage mechanism attributed to fretting wear, and 
thus in some cases, could misrepresent the true fretting fatigue phe
nomenon．心 early as 1984, Ruiz et al. [23] investigated the fatigue and 
fretting of a dovetail joint of a blade and disk, showing that cracks 
nucleated at locations associated with larger slip amplitudes. A fretting 
parameter was developed which considered effects of magnitude of slip 
5 in addition to the maximum tensile and shear stresses. The depen
dence of the overall fretting life on slip amplitude has also been de
monstrated by Vingsbo et al. [24] using fretting maps, which show 
fretting life to decrease in the partial slip regime, and increase in the 
gross slip regime. In the gross slip regime, since wear is the primary 
damage mechanism, embryo cracks are worn away before having the 
opportunity to propagate to failure [5,25]. Ding et al. [26) expanded on 
this knowledge and developed a fretting-specific fatigue parameter to 
characterize fretting damage by considering both fatigue and wear 
damage mechanisms. The developed mo血fled SWT parameter is built 
on an understanding that fretting fatigue relies on the conjoint action of 
frictional work 论 which results in the nucleation of a crack near the 
edge of contact, and the SWT parameter which drives the growth of the 
crack. The damage parameter associated with wear includes a threshold 
limit which separates fretting fatigue from fretting wear, closely re
sembling observations made by Vingsbo et al. [24]. The modified SWT 
parameter was used on an aero-engine spline coupling application, 
showing accurate predictions of the fretting fatigue life and location of 
the cracks. However, it was concluded that the model requires more 
extensive validation. 

The aim of this paper is to utilize the plain fatigue SWT parameter 
and the modified SWT parameter on an aircraft engine fan dovetail 
attachtnent made of a Ti-6Al-4V alloy. The effectiveness of these 
parameters in accurately predicting the nucleation location of the crack 
as well as the total cycles to nucleation will be studied. The paper takes 
on a distinct approach to model the fretting fatigue behavior by uti
lizing a fracture mechanics based methodology to obtain a re
presentative value for the COF between the dovetail fan blade and hub. 
By doing so, the evolution of COF due to an increasing number of cycles 
[17,27] is considered in the analysis. This is an important contributor to 
the fretting fatigue behavior, but is often ignored in lifing methodolo
gies [20] . For the dovetail fan attachment in question, the COF is 
minimum at initial assembly when the parts are undamaged with the 
presence of surface oxide films on the contact surfaces. When the oxide 
films are removed due to mechanical wear resulting from fretting [2], 
the underlying metals of the contact surfaces adhere, resulting in a 
strong increase to the COF [27]. This work studies the capability for an 
'average'value of COF to effectively characterize the evolution of the 
COF in the nucleation and propagation phases of the fretting crack. 

2. Crack grow山 software

The crack growth analysis software adopted in this study is 
FRANC3D. It is a fracture mechanics tool capable of analyzing crack 
growth for 3D structures that undergo complex loading, and has been 
previously used [6] to simulate the crack propagation for an aircraft 
engine fan blade attachtnent using the maximum tensile stress (MTS) 
theory. The simulation was done considering centrifugal and aero
dynamic loads, with a prescribed COF along the contact surface. The 
stress intensity factors combined with the Forman-Newman-de Koning 

(FNK) crack growth model [28] and aircraft spectrum loading were 
used to determine the crack propagation life. The crack propagation 
results from the simulation correlated well with field results. However, 
the tool lacked the ability to predict the nucleation behavior of the 
fretting crack. More recent efforts have been made by Fracture Analysis 
Consultants Inc [7] to develop a numerical method integrated within 
the software to model fretting crack nucleation in addition to its ex
isting 3D crack growth modeling capabilities [29] . The developed 
fretting utility leverages finite element (FE) analysis software such as 
ANSYS to model complex contact problems. The FE solutions are passed 
along to FRANC3D for computation of fretting parameters using one of 
several built-in fretting nucleation models. The tool has been used 
successfully in the past to predict the total fretting cycles resulting in 
nucleation, as well as the location and orientation of the fretting crack 
for a Ti-6Al-4V dovetail fan application [7]. FRANC3D performs 3D 
crack growth simulations by inserting and extending the crack using 
one of several built-in crack kink prediction methods such as the MTS 
theory [29]. The stress intensity factors are calculated along the crack 
front using the M-lntegral [30] and are used to predict the local ex
tension and kink angle for each node along the crack front for a user 
defined amount of discrete crack iterations. The crack propagation life 
is obtained using the M-Integral stress intensities along a crack path in 
conjunction with long crack da/dN data. 

3. Spin testing and fractographic investigations 

In this study, three separate dovetail fan assemblies Fig. l(a) were 
tested in controlled spin pit environments for a defined speed range of 
2000 to 11,000 revolutions per minute (RPM) at approximately 3 load 
cycles per minute as represented in Fig. 2. The spin pit designed by Test 
Devices Inc. features a lead brick liner surrounded with high strength 
steel casing for contairunent, and also includes a vacuum system which 
provides a vacuum level below 60 Pascal maintained through airtight 
seals. The fan dovetail assembly is powered through a Barbour Stock
well Inc. '8-inch'turbine. The low frequency loading (Fig. 2) is attrib
uted to mechanical as well as electrical power limitations required to 
accelerate and decelerate the large mass moment of inertia of the fan 
assembly. Based on a previous investigation of frequency effects in 
fretting wear [31], wear damage was shown to be independent of fre
quency for low amplitude fretting due to low interfacial strain rates. 
Since the tests were conducted in controlled room temperature en
virorunents at low frequency, it may be concluded that the fretting 
behavior of the dovetail fan was isolated from any possible temperature 
and frequency effects. Furthermore, the tests were conducted in a va
cuum environment, eliminating the opportunity of the fan blade being 
subjected to HCF type loading from aerodynamic excitation. Instead, 
the fretting motion between the dovetail fan blade and hub was a result 
of varying centrifugal loading for the defined speed range. 

The dovetail fan blade and hub in question are made of titanium 
alloy, Ti-6Al-4V, with an approximate root chord length of 125 mm and 
blade mass of 1 kg. The fan was disassembled at each defined inspection 
interval followed by eddy current and fluorescent penetrant inspection 
(FPI) at critical high stress and fretting susceptible locations on the fan 
hub Fig. 1(b)and fan blade Fig. l(c). Following inspection, the dovetail 
fan was reassembled and testing was resumed until crack detection. 
From the three separate tests, a total of four independent cracks Fig. 3, 
cracks A-D, were detected on the hub portion of the fan dovetail at
tachment, concentrated mostly at the leading edge (LE) pressure side 
slot, roughly 7 mm away from the LE end face. The unopened cracks 
Fig. 3(a) showed the crack propagation path to be approximately 
normal to the contact surface. The cracks were opened Fig. 3(b) to 
observe the fracture surface characteristics. The surfaces produced si
milar and well defined arc shapes with dark colored fracture surfaces 
and an aspect ratio less than one. The surfaces exhibited ridges and 
beach marks, characteristic of fatigue initiation and propagation. Crack 
A displayed multiple origin sites along the slot which propagated into 
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Fig. 1. (a) Two-blade sector view of the tested dovetail fan configuration, (b) inspection locations on hub at trailing edge of contact (c) inspection locations of the 
blade concentrated at the lower fillet of the blade lug. 
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Fig. 2. Representative load curve used for the spinning tests. The dovetail fan 
assembly undergoes approximately three loading cycles in a span of 60 s. 

the dovetail. A similar investigation conducted by Garcia et al. [32) on 
Ti-6Al-4V showed multiple fretting cracks initiating along the contact 
surface. However, it was concluded that the life of the component was 
governed from a single dominant crack [32) . No original metallurgical 
abnormalities were found at the origin sites and the material of the part 
was consistent with compositional requirements, thus concluding that 
material anomaly was not the root cause of the fractures. Severe fretting 
Fig. 4 was evident along all of the slot surfaces at both the leading and 
trailing edges. Fourier Transform Infrared Spectroscopy (ITIR) and 
Energy-dispersive X-ray spectroscopy identified a black deposit com
posed of a base metal oxide at the contaminated dark colored fracture 
surface region. Similar fractographic investigation done by Barella et al. 
on a third stage turbine blade failure [12) revealed brownish marks 
detected at the fatigue origin site, which were suggested to be char
acteristic of fretting fatigue damage as a result of accumulation of wear 
debris from repetitive contact between the blade and steel rotor disk. 
Striation counts were performed on the opened fracture surfaces using 
Energy-dispersive X-ray spectroscopy (EDS) and micrometer readings 

and are shown in Fig. 5. For some of the fracture surfaces, due to 
contamination resulting from fretting close to the origins, the striations 
could not be accurately resolved. For these cases, only the striations 
which could be accurately measured were reported. Overall, the scatter 
of the striation counts show the crack growth rates increasing with 
crack depth on a logarithmic scale, characteristic of LEFM. 

To distinguish between the crack nucleation stage and propagation 
phase, an initial crack size of 760 x 380 µm was considered to char
acterize the crack nucleation. This size of crack is based on typical eddy 
current detection limits, and is consistent with the initial size assumed 
by Lykins et al. [17]. In this current study, the propagation phase of the 
fretting crack is determined through fatigue striations exhibited on the 
fracture surface. The nucleation stage is determined by subtracting the 
propagation cycles from the number of cycles endured in the spin test 
upon scheduled inspection. 

4. Finite element modeling and submodeling 

Factors present in fretting including wear, adhesion, asperity de
formation, and the evolution of COF due to an increasing number of 
cycles are usually ignored when modeling fretting fatigue [17,33]. 
These factors can result in a COF which is much higher than initially 
measured or predicted. Thus, using larger values for the COF has often 
resulted in better calibration of analytical with experimental results 
[33]. Based on work done by PJ. Golden [34], the COF value for Ti-6Al-
4V alloy tested at room temperature varied from 0.3 to 0.7 [34]. In this 
paper, a similar range of COF is prescribed in the FE model between the 
fan blade and hub to study the sensitivity of stresses as well as the 
overall crack growth behavior. Since fretting is a HCF related issue with 
the crack growing in elastic stress fields, elastic material properties 
have been widely used in the past to model the stresses and crack 
growth near the contact area [6,7] and thus, was also considered for 
this work. At room temperature, the approximate tensile properties for 
a representative Ti-6Al-4V alloy are v = 0.33, E=ll4 GPa, and 
平llOOMPa.

A 3D ANSYS FE model with a fine hexahedral SOLID186 mesh was 
constructed using linear elastic material properties at room tempera
ture, with two unique COF values (0.35, 0.70) between the fan blade 
and hub, and with large displacement turned on. The stress converged 
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Crack A Crack B Crack C Crack D 

(a) 

(b) 

Fig. 3. Four cracks detected from three individual spin tests. Cracks are concentrated at LE pressure side slot, 7 mm away from the LE end face. Cracks grew normal to 
contact surface as shown in the unopened view (a). Opened fracture surfaces (b) show well-defined arc shapes with ridges and beach mark characteristic of fatigue 
initiation and propagation. Crack A is 12.7 mm long along slot surface, 3.8 mm deep, and extends 2.2 mm into the LE end face 

Fig. 4. Severe fretting evident along slot surface (Shown for Crack A) present on 
all slots at both the leading and trailing edges. Black metal oxide deposit 
identified at contaminated area of the fracture using 盯IR and EDS analyses, 
characteristic of fretting 
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Fig. 5. Striation counts on the opened fracture surfaces for Cracks A-D using 
EDS and micrometer readings. Scatter of the striation measurements shows the 
crack growth rates increasing with crack depth on a logarithmic plot, char
acteristic of LEFM 

model Fig. 6(a) had a total of 1.3 million nodes, requiring more than 
24 h to solve for two load steps on 8 CPUs. The two load steps used in 
the analysis correspond to the tested speed range of 2000 RPM and 
11,000 RPM. A two-bladed sector was used for the analysis by taking 
advantage of the periodic boundary conditions at the cut surfaces which 
take into account the symmetry of the fan hub. Contact was established 
through ANSYS using CONT Al 74 and TARGEl 70 elements, utilizing 
the Asymmetric Augmented-Lagrange contact formulation. The max 
principal stresses on the fan hub for the max speed condition is shown 
for a COF of 0.35 and 0.70 in Fig. 6(b)and (c) respectively. The stresses 
at the dovetail contact area are a result of the centrifugal forces in the 
hub due to its inertia during operation and the centrifugal force gen
erated by the 1 kg mass of the blade, which is reacted at the suction and 
pressure side of the dovetail fan hub through a combination of friction 
and contact pressure. When the COF decreases, the contact pressure 
increases to maintain equilibrium, resulting in larger elastic deforma
tions and slip amplitudes. Conversely, when the COF increases, the 
contact pressure decreases and the shear tractions increase to maintain 
the equilibrium state. At 11,000 RPM, the centrifugal force generated 
by the blade is equivalent to 290,000 Newtons. Under this loading, the 
FE results indicate a peak steady stress near the LE pressure side of the 
hub, at the trailing(bottom) edge of contact. A path was created in 
ANSYS Fig. 7(a), starting from the peak steady stress location de
termined from FE, following the crack propagation path observed from 
tests in Fig. 3(a). The max principal stresses (S1) were extracted along 
the path, and are shown in Fig. 7(b). The results show that between 
depths of O mm to 3 mm, the principal stresses in the bulk of the fan hub 
are sensitive to the contact conditions imposed by the COF. After 3 mm, 
the effect of the COF on the principal stresses in the bulk of the fan hub 
become negligible. This closely reflects observations documented in 
[2] , which suggests that oblique cracks at the early stages of crack 
growth can range from tens of microns up to 3 mm. The dominant 
normal stresses in the radial (Sx) and hoop (Sy) directions defined by 
the cylindrical coordinate system, as well as the dominant shear stresses 
in the XY plane were also extracted along the path, and are shown in 
Fig. 7(c), (d), and (e) respectively. These results show that a larger COF 
value increases the dominant stresses near the edge of contact but its 
effect on stresses diminishes along the bulk of the fan hub. 

Since FRANC3D is a discrete crack growth analysis tool which re
quires remeshing and solving for each crack iteration, a coarsened 
submodel was essential to speed up the analysis time. A submodel was 
constructed shown in Fig. B(a) consisting of the fan hub, a single blade 
with 90% of the airfoil removed, and imposed displacements from the 
full model solution at the cut boundaries. The contacts in the submodel 
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(a) (b) 

(c) 

今
Fig. 6. (a) Two-bladed sector FE model with fine mesh at dovetail contact region, and coarsened mesh at far field locations. Global max principal stress contour plot 
for hub (peak stress occurs at lower edge of contact, shown inside dashed circles) for both (b) COF = 0.35, and (c) COF = 0.70. 

were defined identically to the full model. A check was done shown in 
Fig. 8(b) to ensure that the stresses and contact conditions captured by 
the coarsened submode! were numerically identical to the full model 
solution. Using the same path defined in Fig. 7(a) and extracting the 
max principal stress, it was concluded that the submode! accurately 
captured the stresses in the bulk of the material. A study was also done 
to ensure that the total load captured by the submodel was equal to the 
full model even as the crack grew larger in size. This was originally a 
concern since the submodel uses constant imposed displacements for 
the pristine crack-free solution. Thus, it was thought that as the crack 
grows the structure becomes less stiff and as a result less load is cap
tured in the model. However, even for the largest sized crack, the 
submodel retained 95% of the original load, and thus, the submodel 
approach was considered an adequate approximation. The submode! 
required only 20 min to solve for each crack iteration compared to the 
24 h required by the full model. 

5. Crack grow中 simulation

Modeling the fretting fatigue behavior for the dovetail fan attach
ment required a representative value for an evolved COP between the 
fan blade and hub at a time corresponding to crack nucleation. This was 
done through calibration of 3D crack growth simulations for various 
COP with respect to the fractured components in regards to the simu
lated crack trajectory, aspect ratio, shape, and propagation life. It was 
theorized that since the principal stresses along the crack propagation 
path from O mm to 3 mm are dependent on the prescribed COP value, as 
shown in Fig. 7(b), then the crack growth behavior also should be de
pendent on the COP. As such, the resulting crack shape, aspect ratio, 
and propagation rates observed from tests have embedded within them 
the physical consequences of the evolution of the COP from the start of 
the test up until the crack reached a depth of 3 mm. 

As mentioned earlier, the crack growth simulations were modeled 
for a COP value of 0.35 and 0.70 through FRANC3D using the initial 
submode! constructed in Fig. 8(a). A single initial semi-circular shaped 
crack with a radius of 125 µm and an aspect ratio of one was inserted 
near the LE pressure side at the bottom edge of contact, 7 mm away 
from the LE end face in the chord wise direction as shown in Fig. 9. This 

corresponds to the crack nucleation locations observed from the four 
independent fractures in Fig. 3(b). The initial flaw size chosen for the 
simulation is larger than the critical flaw size of 50 µrn determined for 
titanium alloys [35] , thus, long crack da/dn vs ~K data was considered 
sufficient for characterizing the crack growth behavior. For this study, 
the influence of the initial crack size on the overall crack propagation 
life was not studied. Based on previous studies [36,37] , it has been 
concluded that the fretting fatigue crack growth behavior of Ti-6Al-4V 
specimens is insensitive to the size of the initial crack due to very high 
initial crack growth rates. One study in particular found that for initial 
crack sizes larger than 50 µrn, the propagation life is independent to the 
size of the initial crack [38]. It is also worth noting that although Crack 
A exhibited multiple origin sites on the fracture surface, the simulation 
only considered a single dominant crack. This simplification is con
sidered appropriate based on findings from previous investigations of 
fretting fatigue cracks for Ti-6Al-4V specimens [32] , which showed a 
single dominant crack to be the determining factor to the fracture for 
the majority of the components, even when multiple fretting cracks 
were identified along the contact surface. 

For both of the crack growth simulations (COF values 0.35 and 
0.70), the MTS method was used to predict the crack trajectory. The 
MTS method was chosen as it has been used successfully in the past for 
simulating crack growth of a similar Ti-6Al-4V dovetail fan attachment 
[6] . The crack was grown up to the limits of the FE model with respect 
to the geometry and accuracy of the submodel approach as the crack 
grew larger in size. A total of 40 discrete crack iterations were per
formed to steadily grow the crack from the initial 125 µrn depth up to a 
final depth of approximately 6 mm. The visual representations of the 
crack front advancements produced by the simulation, including the 
side view of the final cracks are shown in Fig. 10 for both modeled COF 
values. The opened fracture surface for Crack A was compared to the 
crack mouth from the simulation for the corresponding crack size. The 
dashed lines represent a trace of the opened crack front of the fractured 
fan hub. Superimposing the trace on the predictions show that 
FRANC3D accurately captured the aspect ratio and elliptical shape of 
the crack for both of the studied COF values. Similarly, when comparing 
the side view of the simulated cracks with the unopened view of Crack 
B, it was concluded that FRANC3D accurately captured the crack 
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growth trajectory using the MTS method. However, using a COF value 
of 0.70 resulted in a crack trajectory and aspect ratio which aligned 
slightly closer to the fractured components compared to a COF value of 
0.35. 

From the crack growth simulation, M-Integral stress intensities 
calculated by FRANC3D along the crack depth shown in Fig. 11 were 
used to predict crack growth lives by utilizing the FNK model [28). The 
FNK model, represented by Eq. (1) accounts for the retardation near 

threshold, acceleration near fast fracture and crack closure effects. The 
C, n , p, and, q are empirical constants derived by curve fitting test data 
at varying environmental conditions such as temperature and varying 
load ratios. £\K is the applied stress intensity factor range along a path of 
all crack front advancements, £\Kth is the threshold stress intensity 
range which is dependent on loading ratio, Kc is the critical stress in
tensity factor, and R and f represent the load ratio and crack closure 
function respectively. The fatigue crack growth properties for a 
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representative Ti-6Al-4V alloy taken from the FRANC3D material da
tabase are C = 4.466E一 13 (da/dN in mm/ cycle, t,,K in MPavmrn), n=3.2, 
p=0.25, and q=0.75. It is noted that the Km 1n corresponding to 6.K used 
for the computation of the crack propagation rates was based on a fully 
unloaded condition, rather than the actual 2000 RPM load condition 
during testing. This was done to speed up the analysis time in FRANC3D 
by limiting the number of load steps that required solving. This sim
plification was considered acceptable given that the load ratio between 
the min and max load step was very low (R = 0.03), and since the 
proportionality of the stresses was not greatly affected between the two 
operational speeds. 

da C(l - f)心Kn (1 －告）P
= 

dN (l-RY(1-c2长）q (1) 

Fig. 12 shows the predicted crack growth rates for both of the stu
died COF values along the crack depth compared to collected test data. 
It was noticed that for both COF, the predicted crack growth rates at the 
very early stages of crack growth did not agree with the measured 
striations. However, after reaching a crack depth of 400 µm, the COF of 
0. 70 simulation resulted in crack growth rates which agreed very well 
with the test data. The crack propagation life for the simulations and 
experiment, shown in Fig. 13, were calculated through numerical in
tegration of the crack growth rates with the crack depth. The resulting 

crack propagation lives show that the COF value of 0. 70 results in more 
accurate predictions of the crack propagation life compared to a COF of 
0.35. The final crack modeled in both simulations had a crack depth of 
approximately 6 mm. At this corresponding crack size, the crack pro
pagation life when using a COF of 0.70 was predicted to be 55% of the 
total propagation life determined from tests. This agrees well with the 
test data which shows the propagation life to be 46% of the total pro
pagation life for the same crack size of interest. Based on the performed 
crack growth simulations, it is concluded that prescribing a COF value 
of 0. 70 results in better predictions of the crack trajectory, aspect ratio, 
shape, growth rates, and propagation life. Furthermore, given that the 
value was obtained through calibration of the crack growth simula
tions, the test results have embedded in them the physical consequences 
of the evolved COF that results from an increasing number of fretting 
cycles at the time of crack nucleation. This COF value will therefore be 
employed for the prediction of the fretting fatigue behavior of the 
dovetail fan assembly. 

6. Fretting fatigue 

The fretting fatigue behavior of the dovetail fan attachment was 
studied using two fretting nucleation models. The first model is the 
SWT parameter represented by Eq. (3). The SWT parameter is a critical 
plane approach considered for craclcs nucleating at a plane where the 
product of the normal strain range /:,.E and maximum normal stress Clmax 

Fig. 9. Initial semi-circular shaped crack with radius 125 µm and aspect ratio of 1 inserted at the LE pressure side bottom edge of contact, 7 mm away from the LE end 
face in the chord wise direction, perpendicular to the dovetail contact surface. Location corresponds to crack nucleation locations observed from testing 
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Crack B 

COF = 0 .35 
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Fig. 10. Outputs of FRANC3D crack growth simulations. Opened fracture surface (Crack A) is compared to the crack mouth produced by simulation at the corre
sponding crack size and the unopened fracture surface (Crack B) is compared to the final crack iteration. Dashed lines used to trace the opened crack front and 
trajectory on FRANC3D outputs. The simulation accurately captures the aspect ratio and elliptical shape of the crack, as well as the crack growth trajectory. Using a 
COF value of 0.70 resulted in more accurate representations of trajectory and aspect ratio 
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is a maximum. The E is the elastic modulus, "I and •J are material 
strength parameters, and b and c are curve fitting parameters. For Ti-
6Al-4 V, the corresponding properties taken from [7,39] are 
Clr = 376.6 MPa, •r = 34.4, b = 1.78E - 4, and c = -0.767. FRANC3D 
calculates the SWT parameter for all planar orientations using 2D stress 
transformation Eq. (2), and ignores out of plane components by rotating 
the 3D stresses and strains from the FE model into a unique coordinate 
system defined for each node in contact. The x and y directions of the 
rotated coordinate system correspond to the computed sliding direction 
vector s and the normal n to the contact element. This is done to re
plicate a conventional fretting test, in which the direction of the sliding 
vector and applied tensile loading are parallel. The second studied 
parameter is the modified SWT parameter [26] , developed for fretting 
fatigue specific applications. The modified SWT parameter, represented 
by Eqs. (4) and (5), asswnes that damage resulting from fretting fatigue 
is the combination of damage associated to frictional wear Dire, which 
results in the nucleation of a small crack below the contact surface, and 
the SWT parameter which drives the growth of the crack. The magni
tude of frictional work 论 imbedded in the Dtre, parameter accelerates 
crack nucleation. As such, the predicted fretting fatigue life is reduced 

even for a small SWT parameter if the wear parameter is large. The 
model incorporates a threshold linlit (ro).h to distinguish whether the 
failure is governed by fretting fatigue or fretting wear. As frictional 
work approaches the threshold, fretting wear becomes more probable 
than fretting fatigue and embryo cracks are worn away before having 
the opportunity to grow to failure [5,25) . The m, n, and (ro),h on the 
right hand side of Eq. (5) are material constants determined through 
experimentation. The right hand side of Eq. (4) is identical to the plain 
fatigue SWT parameter. For Super CMV material, a representative value 
for （论）th is 1.36 MPa-mm, and m and n obtained through trial and error 
procedure were found to be 0.25 and 3.7 [26). For this work, in the 
absence of more appropriate experimental values, the (,8),h for the Ti-
6Al-4V alloy was kept equal to that of Super CMV material. This as
sumption, although less than optimal, provided a reasonable starting 
point to compute the modified SWT parameter. For conservatism, the 
remaining m, n material constants were obtained using a trial and error 
procedure on the lowest obtained experimental fretting nucleation life. 
Since the tests presented only a single calibration criterion, the ob
tained Dire, parameters naturally produced a fretting fatigue life in very 
close agreement with test results. Therefore, the aim of this study was to 
merely show the capability of the modified SWT parameter in accu
rately predicting the fretting fatigue behavior for a single and unique 
geometry and load case. Further testing is required to validate the ob
tained D如 parameters on the Ti-6Al-4V alloy for other loading condi
tions and unique dovetail fan attachments. This however was con
sidered to be outside the scope from the current body of work. 

气< + Gyy . G;江 一 Gyy
0 = + cos26 + T sin26 2 2 xy (2) 

Ac （勺）2
2 
—Gmax =— (2Nt)2b + 咕（骂）b+c

E (3) 

釭（勺）2
Gmax ~ Dfret =—一（2NJ)2b + a平研）b+c for TO ::; (ro)th 

2 E (4) 

Dtret = (1 +论）叹1
论

一声〉n (5) 

To accurately model the fretting fatigue of the dovetail fan attachtnent, 
a very fine mesh was used for the FE model near the contact area to 
ensure converged tangential displacements o at the edges of contact. 
This is in contrast to the mesh used for the crack growth analysis, which 
was mainly dependent on converged stresses in the bulk of the fan hub. 
To this effect, a fretting submodel was constructed for the hub with the 
entire fan blade modeled consisting of a total of 1.7 million nodes with 
an element size of 70 µm at the edges of contact and a prescribed COP 
value of 0.70 obtained through crack propagation analysis. Since fret
ting is a non-linear and history dependent phenomenon due to friction, 
multiple loading cycles have been previously used for stabilization of 
the partial slip cycles (19,40,33]. In an effort to generate a closed 
friction hysteresis response, the submodel was cycled from 2000 to 
11,000 RPM for a total of six cycles. The final model solved in 12 h 
when running on 48 CPUs. The tangential displacements shown in 
Fig. 14(a) were probed near the edge of contact, close to the crack 
nucleation locations observed from tests. The probed response showed 
that when angular velocity was increased from O to 2000 RPM, the disk 
slot only slightly opened, and the blade slipped a negligible amount. 
When the angular velocity was further increased from 2000 RPM to 
11,000 RPM, the dovetail slot further opened up resulting in an increase 
in slip, with tangential amplitudes approaching gross slip conditions. 
Decelerating the speed to 2000 RPM resulted in a different locking 
position of the blade and thus, contact conditions which were unique to 
the initial 2000 RPM ramp up. As such, when the load was reversed, the 
tangential amplitudes were more representative of partial slip condi
tions, and the frictional response displayed narrower hysteresis loops. 
The slip magnitudes shown in Fig. 14(b) were calculated for each load 
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(b) 

Fig. 15. SWT parameter calculated at (a) Pressure side (SWT = 2.2) and (b) Suction side (SWT = 3.72). The SWT parameter determines the critical fretting nu
cleation location to be the mid chord of the suction side of the hub. This is not in agreement with test results. 

\ 

(b) /J 

Fig. 16. Modified SWT parameter calculated at 
(a) Pressure side (mSWT = 7.79) and (b) Suction 
side (mSWT = 7.21). The modified SWT para
meter predicts the critical fretting nucleation 
location to be on the pressure side as opposed to 
the suction side. A region of high magnitude for 
the modified SWT is centralized between 2.5 mm 
and 7.6 mm away from the LE end face, in the 
chord wise direction. This agrees well with test 
results. 

mSWT =7.79 

step by subtracting the accumulated sliding distance. The first speed 
cycle shows a tangential displacement of approximately 85 µm, with 
the remaining speed cycles ranging from 55 to 65 µm . Since the refined 
3D model required expensive computational time and resources, six 
loading cycles were considered sufficient for obtaining stabilized sliding 

amplitudes at the edges of contact near the observed crack nucleation 
location. The FE solution containing the stresses, strains, and contact 
solutions were passed along to FRANC3D for the fretting analysis. The 
fretting nucleation parameters were calculated using the last two load 
steps corresponding to the final speed cycle. 
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Fig. 17. (a) Fretting nucleation life calculated at the critical LE pressure side location. Plain fatigue swr parameter predicts the nucleation life an order of magnitude 
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The plain fatigue SWT parameter was calculated by FRANC3D at 
both the pressure side and suction side of the fan hub, shown in 
Fig. 15(a) and (b) respectively. Based on the SWT parameter, the cri
tical fretting nucleation location was predicted to be on the suction 
side, roughly mid chord along the dovetail contact face. This does not 
agree well with test results, in which the four fractures were con
centrated at the pressure side and close to the LE. The fretting-specific 
modified SWT nucleation model was calculated by FRANC3D by taking 
（论如 ＝ 1.36 MPa-mm to be the frictional work threshold, and m = 1 
and n = 0.4 for the material fitting parameters. These m and n para
meters were obtained through a trial and error procedure by varying 
the parameters until the predicted crack nucleation location and fret
ting nucleation life agreed well with test results. Fig. 16 shows the re
sulting modified SWT nucleation parameter calculated at the pressure 
and suction side of the fan hub. The critical location was predicted to be 
on the pressure side, and a region of high magnitude was present at the 
LE pressure side, centralized between 2 mm and 8 mm from the end face 
in the chord wise direction. This agreed more closely with the fractured 
components compared to predictions made by the plain fatigue SWT 
parameter. In further comparing Figs. 15(a) and 16(a), it is also ob
served that the band of material susceptible to fretting fatigue is re
duced under the modified SWT parameter. This location'filtering'effect 
is a direct outcome of the Dire, curve shown in Fig. 17(b). When the 
frictional work approaches the frictional threshold limit (r8)/(r8),h ➔ 1, 

the Dfret parameter decreases significantly and approaches zero, im
plying that failure for these locations is governed by fretting wear ra
ther than fretting fatigue [26]. The influence of the COF to the pre
dieted crack nucleation location can be understood through the same 
logic. For instance, prescribing a larger COF value would increase the 
(ro)/(ro),h parameter and further reduce the band of material suscep
tible to fretting fatigue. This perhaps would'filter'out locations pre
viously predicted to be critical and lead to predictions of new nuclea
tion sites. 

The nucleation lives were calculated at the critical LE pressure side 
location using both nucleation models shown in Fig. 17(a). The plain 
fatigue SWT par血eter predicted the nucleation life to be an order of 
magnitude larger than the lowest experimental life. Since the D如
par血eters were adjusted through a trial and error procedure con
sidering a single calibration point, the predicted and lowest experi
mental nucleation life (Crack B) were in good agreement based on the 
modified SWT parameter. Fig. 17(b) shows the resulting Dire, curve, and 

the magnitude of DJre, at the corresponding LE pressure side location. 

7. Conclusions 

1. The fretting fatigue behavior of a Ti-6Al-4V dovetail fan has been 
modeled. A fracture mechanics based approach was used to obtain 
an evolved COF at the fan blade and hub interface. The evolution 
considers both nucleation and propagation phases of the fretting 
crack. 

2. 3D crack growth simulations were conducted for the fan dovetail 
with two unique COF values (0.35, 0.70) at the contact interface. 
The simulation corresponding to a COF value of 0.70 resulted in a 
crack trajectory, aspect ratio, shape, and propagation life which 
matched more closely with the fractured components. This COF 
value was therefore used to predict the fretting fatigue of the fan 
hub. 

3. The fretting fatigue of the fan hub was assessed using the plain fa
tigue swr model and modified swr model. The fretting-specific 
modified swr parameter more accurately predicted the nucleation 
location of the crack and nucleation life compared to the plain fa
tigue swr parameter. 

4. Since the tests presented only a single calibration criterion, the 
obtained DJrei parameters naturally produced a fretting fatigue life 
identical to test results. The validity of the approach needs to be 
further checked at different loading conditions and other fan 
dovetail attachments. 
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