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Abstract 
 
Fretting fatigue generally leads to the degradation of the fatigue strength of a material due to cyclic micro-slip be-

tween two contacting materials. Fretting fatigue is regarded as an important issue in designing aerospace structures. 
While many studies have evaluated fretting fatigue behavior under elastic deformation conditions, few have focused on 
fretting fatigue behavior under elastic-plastic deformation conditions, especially the crack orientation and fatigue life 
prediction for Ti-6Al-4V. The primary goal of this study was to characterize the fretting fatigue crack initiation behav-
ior in the presence of plasticity. Experimental tests were performed using pad configurations involving elastic-plastic 
deformations. To calculate stress distributions under elastic-plastic fretting fatigue conditions, FEA was also performed. 
Several parametric approaches were used to predict fretting fatigue life along with stress distribution resulting from 
FEA. However, those parameters using surface stresses were unable to establish an equivalence between elastic fretting 
fatigue data and elastic-plastic fretting fatigue data. Based on this observation, the critical distance methods, which are 
commonly used in notch analysis, were applied to the fretting fatigue problem. In conclusion, the effective strain range 
method when used in conjunction with the SMSSR parameter showed a good correlation of data points between the 
pad configurations involving elastic and elastic plastic deformations. 
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1. Introduction 

Fretting fatigue occurs where the contacting sur-
faces of mechanical parts are subjected to normal pres-
sure and oscillatory micro-slip. Stress distribution 
within the contact region is intensified due to the com-
bination of contact stresses and remote loadings. The 
presence of increased stress fields in the contact area 
often promotes rapid crack initiation and accelerates 
crack propagation. 

The subject of fretting fatigue is important for safety 
of a flight because fretting fatigue has been attributed 
to the failure of turbine engines. Specifically, fretting 
fatigue has been found to occur in dovetail joints be-
tween the turbine blade and turbine rotor interface, as 

seen in Fig. 1. The vibration of the turbine engine 
imposes cyclic loading on the rotor-to-blade interface 
joint and induces the conditions for fretting fatigue. 
Failure of this joint due to fretting fatigue cannot cur-
rently be predicted nor is there currently an accepted 
technique to account for fretting in the initial design. 
Therefore, designers must over-compensate for the 
potential of fretting by making these dovetail joints 
more robust than may actually be necessary. Yet, such 
over-compensation in the design of the joint leads to 
heavier, less efficient and more costly engines. More-
over, due to the inability to accurately predict failure 
caused by fretting fatigue, periodic maintenance in-
spections must be performed to ensure cracks do not 
propagate and lead to catastrophic failure. Such in-
spections increase maintenance time and cost. 

Consequently, a number of studies have been per-
formed to predict the behavior of fretting fatigue. 
Generally in fatigue analysis, crack nucleation and  
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Fig. 1. Turbine engine dovetail joint. 
 
propagation are characterized by parameters which are 
based on the state of cyclic stress, strain or any combi-
nation of these. 

Generally, a large plastic zone is generated by the 
stresses, which exceed the material yield stress. In this 
situation, the stress gradient from the spot of peak 
stress is also very steep. Frequently, a high stress 
gradient is developed in notch problems especially 
from a sharp radius of the root tip. To account for the 
effect of stress concentration in the notch roots, vari-
ous critical distance methods have been introduced. 

One of the critical distance methods was the point 
method proposed by Peterson [1]. This method was 
based on the assumption that the failure occurs when 
the stress equals the fatigue strength at a constant dis-
tance beneath the notch tip for a given material. He 
related the quantity of Kf to Kt using the radius of the 
notch, r, and the material constant, a, as described 
below: 
 

11
1

t
f

KK a
r

−
= +

+
  (1) 

 
where Kt is the stress concentration factor, Kf is the 
fatigue notch factor. 

Another well known averaging approach was the 
line method suggested by Neuber [2]. He formulated 
an equation that relates the stress concentration factor, 
Kt, into a fatigue notch factor, Kf, using a critical dis-
tance from the peak stress area. Both methods need 
critical distance that was assumed as a material prop-
erty. 

Since these critical distance parameters are very 
dependent on the test conditions and geometries, it is 
hard to generalize them for any other loading condi-
tions and specimen geometries. Due to these restric-
tions on the application of critical distance, some re-

searchers, such as Qylafku et al. [3] and Kadi [4], in-
troduced a different approach called the volumetric 
approach, which did not include the fixed critical dis-
tance concept for each material. Instead of regarding 
the critical distance as material constants, they used 
the damage zone concept to find effective stress by 
investigating the stress gradient. 
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where Ω is fatigue failure region and V is the volume 
of Ω. The fatigue failure region was assumed to be a 
circle or a sphere and its size was determined by the 
fitting of experimental results for each given material. 
The stress equivalent function, f (σij), is von Mises 
equivalent stress for elastic-plastic stress distribution 
and ϕ ( rr ) is weight function. Using this approach, 
they demonstrated that the computed stress field inten-
sity values are independent for the notched specimens 
and the specimens with key-seats. 

Recently, Araujo and Nowell [5] calculated total fa-
tigue lives analytically and compared them with ex-
perimental values under fretting fatigue conditions. 
From the analytical calculations using Smith-Watson-
Topper (SWT) and Fatemi and Socie (FS) parameters, 
they demonstrated that the analytically calculated fa-
tigue lives using surface stress distribution only was 
not adequate for predicting the fatigue lives, especially 
in the presence of a high stress gradient condition.  

However, using the critical distance method and the 
volume method, which has a different approach to 
calculate the average stress, they successfully pre-
dicted the fretting fatigue lives. The formulations, i.e., 
SWT and FS, can be written as follows: 
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where ∆ε is the difference of the maximum and mini-
mum strain and σmax is the maximum value of the 
stress component during the cycle. The directions of 
both ∆ε and σmax are perpendicular to the plane. 
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where γ∆ is the difference of maximum and mini-
mum values of shear strain experienced during the 
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cycle, σmax is the maximum value of the stress normal 
to the chosen plane, σy is the yield strength, and α is a 
constant which approaches unity during long lives and 
is reduced during shorter lives. 

Namjoshi et al. [6] also investigated the variation of 
critical plane parameters as changing the length of 
volume. By testing the SWT, FS and MSSR (modified 
shear stress range) parameters, they claimed that the 
MSSR parameter was the only parameter which can 
predict the behavior of the fretting fatigue reasonably. 
 

, max
B D
crit effectiveMSSR A Cτ σ= ∆ +   (5) 

 
where the values of A, B, C, and D are determined as 
0.75, 0.5, 0.75 and 0.5, respectively. In this parameter, 
the first term, ∆τcrit,effective, is the same as the SSR [7] 
parameter, i.e., ∆τcrit,effective = τmax(1−Rr)

m where τmax is 
the maximum shear stress on the critical plane, Rr is 
the shear stress ratio on the critical plane, and m is a 
fitting parameter. The second term is the maximum 
normal stress, σmax, on the plane at maximum loading 
condition. 

From the literature study noted above, it was found 
that a number of efforts have been made to analyze 
fretting fatigue. However, most studies were per-
formed under the elastic condition, especially the crack 
initiation and fatigue life prediction for Ti-6Al-4V. 

The objective of this proposed work is to expand on 
previous work in the area of fretting fatigue to the 
elastic-plastic condition using the averaging methods 
that have been used in notch problems. This study will 
involve both experiments and analyses. 
 
2. Experiments 

2.1 Material and specimen 

Both the specimens and pads were machined from 
Ti-6Al-4V forged plates by the wire electrical dis-
charge method. The longitudinal tensile properties 
(along the loading axis) were determined, i.e., the 
elastic modulus was 116 GPa and yield strength was 
753 MPa. Fig. 2 shows schematics of the dog-bone 
specimen and the shapes of two different pad geome-
tries. Table 1 shows the dimensions of all the pad 
geometries and normal load applied to the fretting 
pads. 
 

2.2 Test setup and procedure 

The fretting fatigue tests were conducted on a 22.2 

Table 1. Pad configurations and normal loads. 
 

Pad name 
(mm) R (mm) Normal load 

(N) 
Number of 
tested pads 

Cyl. 50.8 50.8 1334 18 

Cyl. 101.6 101.6 2224 15 

Cyl. 304.8 304.8 4003 8 

Cyl. 5.08 (1) 5.08 1334 16 

Cyl. 5.08 (2) 5.08 1779 10 
 

 
 
Fig. 2. Geometries of the specimen and fretting pads. 
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Fig. 3. Schematic of the fretting fatigue configuration. 

 
kN servo-hydraulic uniaxial test machine at ambient 
temperature in a laboratory environment as shown in 
Fig. 3. This Fig. shows the rigidly mounted fretting 
fixture on a servo-hydraulic fatigue test machine used 
in this work. 

Two load cells, one on each side of the specimen, 
were used to measure the normal load. A load cell, 
attached to the servo-hydraulic load frame on the top 
side of the specimen, measured the axial load above 
the pads. A lightweight pressure transducer was used 
to measure the axial load at the bottom of the speci-
men. This system allowed the user to vary the axial 
load by controlling the displacement in the axial di-
rection. The displacement was applied in the axial 
direction at constant amplitude to allow the specimen 
to be adequately exposed to the prescribed loading 
conditions. The control system of the test equipment 
maintained the frequency and the amplitude of the 
applied axial displacement constant during the dura-
tion of the test. In this study, the displacement was 
applied in the axial direction at a frequency of 50 Hz. 

Constant amplitude fretting fatigue tests were con-
ducted over a wide range of applied axial force by 
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servo-actuator on the bottom side of the specimen. 
The normal loads on the pads were applied with the 
aid of two lateral springs. 

This load was held constant for the duration of the 
test and was monitored with a load cell. The normal 
loads were either 1334 N or 4003 N for each pad 
configuration as shown in Table 1. Higher normal 
loads were applied to generate the large plastic de-
formations. To perform finite element analysis (FEA), 
the axial and tangential loads must be determined, as 
each represents input data for FEA. As previously 
mentioned, a load cell was attached to the servo-
hydraulic load frame on the top of the specimen to 
monitor the axial load. The tangential load can be 
determined by the equation: 
 

2
V WQ −

=   (6) 

 
where Q is the tangential load on each side of the 
specimen, V is the axial load applied on the bottom 
side of the specimen, and W is the applied axial load 
on the top side of the specimen. 
 

2.3 Test results 

The prediction of crack location is one of the sev-
eral measures of a predictive fatigue parameter; there-
fore, the crack location was determined for the each 
experimental test. Namjoshi et al. [6] evaluated fret-
ting fatigue life of Ti-6Al-4V for the pad configura-
tions involving elastic deformations: cylindrical pads 
with radii of 50.8 mm, 101.6 mm, 304.8 mm. They 
reported that the failure of all specimens with pad 
configuration involving elastic deformation occurred 
due to crack growth that initiated at the contact sur-
face and near the trailing edge of contact. Similar 
results were found for the pad configurations involv-
ing elastic-plastic deformations included in this study: 
two 5.08 mm radius cylindrical pads with 1334 N and 
1779 N normal loads. Fig. 4 shows scar from the 5.08 
mm cylindrical pad with 1779 N normal load. As can 
be seen from figure, the crack initiation location was 
found near the trailing edge between specimens and 
pad configurations involving elastic-plastic deforma-
tions. 

Crack initiation orientation was determined by 
mounting a sectioned specimen which had been made 
by grinding the specimen. Namjoshi et al. [6] reported 
that the experimentally observed primary crack orien-
tations angles under elastic fretting conditions were  

 
 
Fig. 4. Fretting scar from the 5.08 mm radius cylindrical pad. 

 
 

 
 
Fig. 5. Crack orientation of the 5.08 mm radius cylindrical 
pad. 
 
 
either −450 or +450 with a variation of ±150 from a 
perpendicular to the loading direction. Fig. 5 shows 
the typical crack orientation of the 5.08 mm radius 
cylindrical pad with normal load 1,779 N. From the 
figure, it can be seen the crack orientation resulting 
from the pad configuration involving elastic-plastic 
deformation also has around −45° from a perpendicu-
lar to the loading direction. 
 
3. Finite element analysis 

3.1 Mesh modeling 

4-node, plane strain elements were used in all three 
bodies of the finite element model: the fretted speci 
men, the fretting pad and fretting pad holder. 4-noded 
elements (bilinear) were chosen instead of 8-noded 
elements (serendipity), because the mid side node in 
the 8-noded element introduces an oscillation in the 
stress state along the contact surfaces as reported by 
Lykins et al. [8]. The contact between the pad and the 
specimen was defined by using the master-slave algo-
rithm in ABAQUS for contact between two surfaces. 
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Fig. 6. Illustration of the typical finite element model mesh. 
 
 
The master surface is on the fretting pad and the slave 
surface is on the fretting fatigue specimen.  

In this study, the FEA model used in Lykins [8] has 
been modified for the analysis of elastic-plastic fret-
ting fatigue phenomenon. This FEA model has been 
refined for the purpose of analyzing local stresses and 
strains along and near the contact surface between 
pad and specimen. 

Fig. 6 shows the mesh model of 50.8 mm radius 
cylindrical pad as an example. As seen in Fig. 6, the 
multi-point constraint (MPC) was applied at the top 
of the pad to prevent it from rotating due to the appli-
cation of loads. The top nodes of the pad were forced 
to move in unison in the y-direction. Also, the MPC 
was applied to the boundary between regions where 
the mesh size of the elements differed. The MPC 
prevented the free nodes from penetrating the larger 
adjoining elements. 

 
3.2 Verification of results 

The mesh size within the fine mesh area was de-
termined by comparison of the results between the 
FEA and analytical solutions. In this study, a 
FORTRAN program called “Ruiz,” written by Chan 
and Lee [9], has been carried out as an analytical so-
lution for the fretting fatigue condition. Since the 
analytical solution was based on the elastic condition, 
the FEA was performed with the elastic solution also. 
The 50.8 mm cylindrical pad configuration was se-
lected for the comparison between FEA and analyti-
cal results. The following loading conditions were 
used for the verification of the proper mesh size: 
normal load, P = 1.33 kN, tangential load, Q = 0.3 kN, 
axial stress, axial = 55.2 MPa, coefficient of friction, 
COF = 0.5. 

Fig. 7 shows the results of the comparison between 
the normalized σxx from the Ruiz program and the 

 
 
Fig. 7. The comparison of values σxx between Ruiz and FEA 
results. 

 

 
 
Fig. 8. Illustration of the critical distance along the critical 
plane. 

 
FEA calculation for the varied mesh sizes of the 50.8 
mm cylindrical pad. As seen in this figure, the agree-
ment between FEA and Ruiz calculations was im-
proved as the mesh size decreased. For the square 
mesh with 6.35 µm for each side, the predicted con-
tact half width, a, varied by 1.87% between FEA and 
Ruiz results, where aFEA = 444 µm and aRuiz = 453 µm. 
The maximum pressure, Po, predicted by the FEA 
model also agreed with the Ruiz program with a 0.4% 
difference; Po-FEA = 296.49 MPa versus Po-Ruiz = 295.3 
MPa. The normalized maximum value of the longitu-
dinal normal stress, σxx, varied by 6.1% between FEA 
and Ruiz results, where σxx-FEA = 1.42 MPa and σxx-

Ruiz = 1.32 MPa. Therefore, in this study, the same 
mesh sizes were utilized for all pad geometries. 
 
4. Analyses of fretting fatigue 

4.1 Effective strain range method 

In general, the strain-fatigue life approach has been 
commonly used for the elastic-plastic fatigue problem 
due to its capability to measure the large plastic de-
formation effects on fatigue life. In this study, the 
effective strain range, ∆εeffective, approach has been 
suggested as one method of finding effective critical 
distances, dc, under the fretting fatigue condition. Fig. 
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8 illustrates the crack initiation location, orientation 
and critical plane. 

The formula of the effective strain, εeffective, can be 
written as follows: 
 

( ) ( ) ( )
( )

2 22
1 2 2 3 3 1

2 1effective
ε ε ε ε ε ε

ε
υ

− + − + −
=

+
  (7) 

 
The crack initiation locations were determined by 

the maximum value of ∆εeffective on the contact surface. 
This effective strain range criterion predicts the crack 
initiation location at the contact surface and near the 
trailing edge of contact. This is in agreement with the 
observation from experimental work. 

Fig. 9 shows the coordination of the stress state 
near the contact surface. Fig. 10 illustrates the effec-
tive strain for the tested pad configurations, i.e., the 
50.0 mm radius cylindrical pad case. The figure is 
plotted by using the normalized total effective strain, 
εe, values by yield strain, εY, value. 

As mentioned before, the experimentally observed 
 

 
 
Fig. 9. The coordination of the stress state near the contact 
surface. 
 

 
 
Fig. 10. εeffective near the contact surface for the 50.8 mm 
radius cylindrical pad. 

primary crack orientations angles were either –45° or 
45° with a variation of ±15° from the perpendicular to 
the direction of the applied loading. For this reason, -
45° has been used for the crack orientation. The effec-
tive critical distance was determined at the location of 
a minimum value of ∆εeffective along the critical plane. 
To find the effective critical distance, the first and 
second derivatives of the effective strain range curves 
were calculated to find the minimum value. 
 

4.2 Result of the effective strain range method 

Fig. 11 shows the results of the effective critical 
distances determined by the effective strain range 
method. 

The effective critical distances have been deter-
mined by the distance from the crack initiation loca 
tion to the point where the minimum value of effec-
tive strain range, ∆εeffective, occurs along the critical 
plane. The result shows increased effective critical 
distances as the number of cycles to failure increases. 

For the cylindrical pads involving elastic deforma-
tions (cylindrical pads with radii of 50.8 mm, 101.6 
mm and 304.8 mm), the effective critical distances 
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Fig. 11. Effective critical distances using effective strain 
range method. 
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Fig. 12. The average MSSR values at dc=Min∆εeffective. 
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decreased as the Hertzian peak pressure increased. 
Also, the effective critical distances were decreased as 
the number of cycle to failure decreased. 

The small difference in the effective critical dis-
tances between cylindrical pads can be found in the 
high cycle fatigue regime. This is because cylindrical 
pads with radii of 50.8 mm and 101.6 mm have more 
increase of effective critical distances than that in the 
304.8 mm radius cylindrical pad cases as the number 
of cycles to failure increases. The cylindrical pad 
configurations involving elastic-plastic deformations 
(two 5.08 mm radius cylindrical pads with different 
loading conditions) have shorter critical distance than 
the cylindrical pad configurations involving elastic 
deformations (three cylindrical pads with radii of 50.8 
mm, 101.6 mm and 304.8 mm). This is because two 
5.08 mm radius cylindrical pads have higher Hertzian 
peak pressure than do cylindrical pad configurations 
involving elastic deformations. 
 

4.3 Results of the MSSR parameter  

Fig. 12 shows the result of the MSSR parameter 
using critical distances determined by the effective 
strain range method in Fig. 11. The MSSR values 
were calculated from average stresses up to the given 
effective critical distances on the critical plane. How-
ever, the result of the MSSR parameter by the effec-
tive strain method is dependent on the pad configura-
tions involving elastic and elastic-plastic deforma-
tions, and therefore the equivalence between elastic 
and elastic plastic deformation was not established. 

Fig. 13 shows the end point values of the MSSR 
using the same effective critical distances. The end 
point values of the MSSR show wider scatter band in 
comparison to the result from average MSSR values 
as shown in Fig. 12. The distance between layered 
data points resulting from the pad configurations in 
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Fig. 13. The end point MSSR values at dc=Min∆εeffective. 

volving elastic deformation (cylindrical pads with 
radii of 50.8 mm, 101.6 mm and 304.8 mm) and elas-
tic-plastic deformation (two 5.08 mm radius cylindri-
cal pads) is enlarged, thereby increasing the overall 
scatter band. 
 

4.4 Results of the SMSSR parameter  

In this study, SMSSR (secondly modified shear 
stress range) parameter has been suggested to predict 
fatigue life under the fretting fatigue condition. The 
SMSSR parameter is expressed by the following for-
mulation:  
 

,
B D
crit effective normalSMSSR A Cτ σ= ∆ + ∆   (8) 

 
where ∆τcrit,effetive = τmax (1-Rτ)m, τmax is the maximum 
shear stress on the critical plane, Rτ is the shear stress 
ratio on the critical plane, m is a curve fitting parame-
ter determined to be 0.45 for Ti-6Al-4V, ∆σnormal is the 
normal stress range on the critical plane where ∆σnormal 
= abs (σmax-σmin), and A, B, C, D are curve fitting pa-
rameters determined to be 0.75, 0.5, 0.75, and 0.5 
respectively for Ti-6Al-4V by Namjoshi et al. [6]. 

In the SMSSR parameter, the normal stress range,  
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Fig. 14. The average SMSSR values at dc=Min∆εeffective. 
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Fig. 15. The end point SMSSR values at dc=Min∆εeffective. 
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∆σnormal, values have been used instead of the normal 
stress amplitude, σmax, in the MSSR parameter. This 
was done to account for the effects of the normal load 
on the critical plane at both maximum and minimum 
applied loading conditions. 

Fig. 14 shows the data points of the SMSSR pa-
rameter using the effective critical distances, as 
shown in Fig. 11. These SMSSR values were calcu-
lated by using average stresses up to the effective 
critical distance. The curve-fitted line, which can be 
determined from data points, is also plotted in the 
figure. To measure the scatter band, the 10% upper 
and lower error line are also illustrated in the figure. 
Both the curve fit data and fretting fatigue data lie in a 
narrow scatter band with a mean error of 1.09 % and 
a standard deviation of 10.49. In the figure, the cylin-
drical pads show a good correlation of data points 
between the pad configurations involving elastic and 
elastic plastic deformations. 

Fig. 15 shows end point values of the SMSSR pa-
rameters using the same critical distance. The results 
also show equivalence between the elastic and elastic-
plastic fretting fatigue data. By comparing the end 
point values of the SMSSR to the averaged result of 
the same parameter in Fig. 14, it can be seen that the 
mean error decreased from 1.09% to 0.69%. Also, 
most of the data points fall within the narrow scatter 
range by 10% error. 
 

5. Conclusions 

Establishing an equivalence among fretting fatigue 
life data obtained from different pad geometries is 
always desirable since it eliminates or reduces the 
fretting fatigue experiments, which are significantly 
time consuming and relatively expensive to conduct. 

In this study, two different parameters, MSSR and 
SMSSR, were utilized by using contact surface 
stresses to determine its potential as a fretting fatigue 
parameter. To account for the stress gradient near the 
contact surface, the critical distances approach com-
monly used in notch problems are introduced. 

As a result, the effective strain range method when 
used in conjunction with the SMSSR parameter dem-
onstrated as an approach that can predict the fretting 
fatigue life for both elastic and elastic-plastic condi-
tions. 
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