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A B S T R A C T

Dovetail joints are widely used in mechanical systems and aerospace applications. Under cyclic loading condi
tions, they are susceptible to fretting fatigue, which can lead to premature failure. Therefore, improving the 
accuracy of lifetime prediction under fretting fatigue is crucial. In dovetail joints, fretting conditions result in a 
complex stress-strain distribution on the contact surface, affecting the applicability of different failure criteria. 
This study examines the stress states across various models and evaluates the suitability of each criterion 
accordingly. The accuracy of crack initiation angle prediction for two types of dovetail joints is improved. The 
maximum principal stress serves as a reference for extreme stress, while the stress gradient describes the rate of 
change in stress. The combination of stress gradient and maximum principal stress provides a more compre
hensive representation of stress distribution. The traditional Theory of Critical Distances (TCD) is unable to 
effectively address the complex stress distribution in stress concentration areas. To overcome this limitation, a 
Modified TCD (MTCD) is proposed, integrating the effects of stress gradients and maximum principal stress into 
the original TCD framework. The MTCD method significantly improves the accuracy of predicting the initiation 
lifetime of both dovetail joints compared to the traditional TCD method. This study not only enhances the un
derstanding of fretting fatigue behavior in dovetail joints but also provides a reliable predictive tool for evalu
ating more complex models of dovetail joints.

1. Introduction

The phenomenon when materials experience fatigue fracture due to 
friction caused by slight relative movement between two contacting 
surfaces under cyclic loading is called fretting fatigue [1–3]. It 
frequently occurs in mechanical joints, bearings, gears, and bolted 
connections. This paper concentrates on the study of fretting fatigue in 
dovetail joints of aircraft blades. Under the action of fretting, the local 
areas of the contact surface experience slight relative slippage due to 
vibrations. The friction between the rough surfaces causes localized 
material detachment, generating wear particles. These wear particles 

exacerbate the damage to the contact surface and lead to stress con
centration on the material surface [4,5]. Small cracks initiate in the 
stress concentration areas and gradually propagate from the contact 
surface into the material, eventually leading to fatigue fracture of the 
material.

Fretting fatigue lifetime is defined as the number of cycles from the 
onset of loading to the point of final fracture. Crack initiation and crack 
propagation are two categories, into which fretting fatigue lifetime is 
generally divided. The research conducted by Poovakaud et al. [6] found 
that the initiation phase consumed the vast majority of fatigue lifetime, 
accounting for approximately 85 %. Sadeghi et al. [7] founded that 
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under high-cycle fatigue conditions, the crack initiation lifetime 
constituted the majority of the total fatigue lifetime, reaching up to 90 % 
in some cases. Szolwinski and Farris [8] conducted several fretting fa
tigue tests, the results showed that the initiation lifetime accounted for 
approximately 85–90 % of the total fatigue lifetime. The investigation 
by Sunde et al. [9] indicated that the initiation lifetime is the critical 
stage of fretting fatigue lifetime, accounting for 85–95 % of the total 
lifetime for dovetail joints. Therefore, crack initiation lifetime accounts 
for a significant portion of the total fatigue lifetime and predicting it is 
crucial. Accurately predicting crack initiation lifetime and understand
ing the mechanisms behind crack initiation enable the proactive 
implementation of preventive measures. This can be achieved through 
material selection and design optimization, ultimately improving the 
overall lifetime of the structure.

The Critical Plane (CP) theory is an important and efficient theory for 
predicting the fretting fatigue behaviour of materials. CP theory is 
applied to materials under multiaxial stress states, suggesting that crack 
initiation and propagation occur on a critical plane within the material 
[10,11]. Based on this theory, damage parameters such as Findley 
Parameter (FP), Fatemi-Socie (FS) and Smith-Watson-Topper (SWT), are 
used to evaluate fatigue lifetime. Among them, the SWT parameter takes 
into account the effects of both stress and strain in a comprehensive 
manner, and it performs well in the lifetime predictions of both 
Low-Cycle Fatigue (LCF) and High-Cycle Fatigue (HCF) [12].

However, during the implementation of these theories, it was found 
that the stress concentration phenomenon at the contact surfaces led to a 
significant stress gradient within the contact area. If the maximum value 
is used to predict fatigue lifetime, the results are often overly conser
vative. Therefore, researchers proposed the TCD method to mitigate the 
impact of stress concentration on the prediction results [13].

Zhu and Chen [14] found that the variable-TCD combined with the 
Mesh Control method (TCD-MC) provided a more reasonable and ac
curate approach for establishing the critical distance, based on their 
analysis of fretting fatigue tests conducted on two different dovetail joint 
models. Araújo et al. [15] developed a new lifetime prediction method 
by combining TCD and Modified Wöhler Curve Method (MWCM) to 
account for the multiaxiality of the stress in the fatigue failure region. 
This method improved the accuracy of fatigue lifetime prediction. Shi 
et al. [16] significantly improved the accuracy of fatigue lifetime pre
diction by modifying the traditional SWT model through the introduc
tion of an average SWT parameter at a specific distance between the 
contact surface and the material’s interior. Shen et al. [17] studied the 
influence of stress gradient on the critical distance by conducting fatigue 
tests on notched specimens with varying geometries. Based on their 
findings, they introduced the stress gradient method, concluding that 

this method offered more accurate lifetime predictions under HCF 
conditions. Zhu and Chen [18] proposed the Gradient-TCD method, 
using the stress difference between adjacent points from the maximum 
stress on the contact surface to a specified distance within the material 
as a reference. The results showed that the Gradient-TCD exhibited 
better and more consistent performance.

Many scholars have conducted extensive research on the optimiza
tion of TCD theory, but its application to dovetail joints remains rela
tively limited. Meanwhile, combining the stress gradient and the 
maximum principal stress is essential to describe the complex stress 
distribution in the stress concentration area. Both factors play a crucial 
role in the determination of the critical distance. Thus, this paper pre
sents the influence of maximum principal stress and stress gradient on 
the determination of the critical distance for the first time. This further 
improves the accuracy of fatigue lifetime prediction.

2. Experiments

2.1. Dovetail joint with pads model

This is a new type of fretting fatigue testing device based on dovetail 
joint, developed by Sunde et al. [9]. The contact configuration is 
cylinder-to-flat style. The device allows for easy replacement of contact 
pads, enabling tests with different contact geometries and surface 
treatments by simply switching the pads. It is currently a widely used 
device for dovetail joint fretting fatigue testing. The geometric di
mensions involved in the test are shown in Fig. 1.

Fig. 1. The geometric dimensions for the dovetail joint with pads [9].

Table 1 
The fretting fatigue test results for the dovetail joint with pads [9].

Test No. Applied Stress (MPa) Nf (cycles)

WP-T1 60 > 2e6
WP-T2 70 > 2e6
WP-T3 75 1016966
WP-T4 80 1025609
WP-T5 80 1869836
WP-T6 84 1293027
WP-T7 85 1648296
WP-T8 90 952207
WP-T9 96 722932
WP-T10 100 379972
WP-T11 100 624729
WP-T12 104 724374
WP-T13 110 590233
WP-T14 120 313831
WP-T15 130 284403
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Both the specimen and the fretting pads are made of Ti6Al4V ma
terial with a Young’s modulus of 115 GPa and a Poisson’s ratio of 0.32. 
Fifteen fretting fatigue tests were conducted [9] by using this device, 
and the results of these tests are listed in Table 1. The test numbers for 
the dovetail joint are prefixed with pads.

2.2. Traditional dovetail joint model

Hu et al. [19] designed and tested a sub-scale specimen and fixture 
for dovetail joints in fretting fatigue tests under cyclic loading. In this 

Fig. 2. The geometric dimensions for the traditional dovetail joint [19].

Table 2 
The fretting fatigue test results for the dovetail joint with pads [19].

Test No. Applied Stress (MPa) Nf (cycles)

T-T1 175 74700
T-T2 208 62408
T-T3 228 39025

Fig. 3. The finite element models: (a) dovetail joint with pads and (b) traditional dovetail joint.
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test, the contact area utilized a flat-to-flat contact configuration. The 
geometric dimensions involved in the test are shown in Fig. 2.

For the traditional dovetail joint model, Ti6Al4V is also used as the 
experimental material. However, there are slight differences in the 
material properties between the two. The experimental material in this 
model has an elastic modulus of 109 GPa and a Poisson’s ratio of 0.34. 
Three fretting fatigue tests were conducted using this model, and the 
results of these tests are listed in Table 2. The test numbers for the 
traditional dovetail joint are prefixed with ‘T’.

3. Numerical models

Both 3D and 2D models are commonly used to study the fretting 
fatigue behaviour of dovetail joints. 3D models can fully capture the 
geometry and loading conditions, providing a more detailed represen
tation of the structure. However, previous research [20] has shown that 
the stress distribution along the thickness direction in 3D models re
mains nearly unchanged. This suggests that 2D modelling is sufficient 
for accurately analysing such structures without significant loss of pre
cision. Based on these findings, this study adopts a 2D modelling 
approach, which ensures both accuracy and computational efficiency for 
fretting fatigue analysis. 2D plane strain finite element models were 
created in ABAQUS, as shown in Fig. 3. As one specimen has a thickness 
of 5 mm and a neck width of approximately 10 mm, as shown in Fig. 1, 
and the other specimen has a thickness of 96 mm and a neck width is 
9.6 mm as shown in Fig. 2, a plane strain assumption is considered 
appropriate for both cases. A linear elastic constitutive relationship is 
used for the simulation. The element type is CPE4, a 4-node plane 
quadrilateral element. Considering that the entire structure is symmet
ric, only half of the model is taken for simulation calculations, and 
symmetric boundary conditions are applied along the symmetric axis. 
The bottom surface of the fixture is fixed in both the x and y directions. 
For the dovetail joint with pads model, a uniformly distributed load with 
a stress ratio of 0.1 is applied to the top of the specimen, as shown in 
Fig. 3(a). For the traditional dovetail joint model, a uniformly distrib
uted load with a stress ratio of 1/16 is applied to the top of the specimen, 
as shown in Fig. 3(b). Due to the significant stress variation and steep 
stress gradient in the contact area, finer meshing is required to obtain 
more accurate stress-strain information. In this study, the element size in 
the contact area is refined to 2 µm. To balance computational efficiency, 
mesh refinement is applied only to a localized region near the contact 
area, as highlighted by the red box in Fig. 3.

In ABAQUS, two algorithms are typically provided to solve contact 
problems: the penalty method and the Lagrange multiplier method. In 
this study, we chose the surface-to-surface contact approach instead of 
node-to-node contact. This decision is made because the surface-to- 
surface method provides a more accurate and stable solution by 
distributing contact constraints over an entire surface rather than 
concentrating them at discrete nodes, which helps to avoid excessive 
stress localization and numerical instability. The Lagrange multiplier 
method is more accurate as the normal load remains constant for stan
dard fretting fatigue simulations. In the fretting fatigue simulation of 
dovetail joints, convergence difficulties and noticeable instability can 
arise. The penalty method, which allows for slight penetration, provides 
better convergence and adaptability when addressing contact issues in 
the dovetail joint model. Zhu and Chen’s [14] research also indicates 
that the results obtained from the two contact algorithms show minimal 
differences. Therefore, the penalty method is used to handle the contact 
problems in this paper. For the dovetail joint with pads model, a coef
ficient of friction of 0.55 is used, whereas for traditional dovetail joint 
model, the coefficient of friction is set to 0.5.

4. Methodology

4.1. Critical plane theory

As mentioned in the introduction section, three CP parameters are 
used, namely FP, FS, and SWT. Among them, Findley proposed a damage 
parameter applicable to HCF, known as the FP parameter [21]. Its 
mathematical expression is shown in Eq. (1): 

FP =
Δτmax

2
+ k1σmax

n = τʹ
f (2Ni)

bʹ
(1) 

where Δτmax and σmax
n are the maximum shear stress amplitude and the 

maximum normal stress on the critical plane, k1 is a material-dependent 
correction factor related to sensitivity of normal stress to fatigue lifetime 
that can be easily determined through fatigue tests. FP is used to derive 
the crack initiation lifetime. τʹf is the shear fatigue strength coefficient, 
Ni is initiation lifetime and b́  is the fatigue strength exponent in torsion. 
Analysing Eq. (1), the FP parameter primarily focuses on the amplitude 
of the maximum shear stress, with the introduction of the maximum 
normal stress for correction to better predict crack initiation.

Fatemi and Socie proposed the FS parameter based on multiaxial 
fatigue tests under in-phase and out-of-phase loadings [22]. This dam
age parameter is suitable for LCF and its mathematical expression is 
shown in Eq. (2): 

FS =
Δγmax

2

(

1+ k2
σmax

n
σy

)

=
τʹ

f

G
(2Ni)

bʹ
+ γʹ

f (2Ni)
ć (2) 

where Δγmax is the maximum shear strain amplitude on the critical 
plane, σy is tensile yield strength and k2 is a correction factor. G is the 
shear modulus of elasticity, γʹf is the shear fatigue ductility coefficient, 
and bʹand ć  are the shear fatigue strength and shear fatigue ductility 
exponent. The FS parameter mainly considers the maximum shear strain 
amplitude and uses the maximum normal stress for correction.

The SWT parameter was proposed by Smith, Watson, and Topper to 
improve the accuracy of predicting fatigue lifetime using only stress or 
strain [23]. It handles the interaction between stress and strain in fatigue 
lifetime prediction. The SWT parameter can be applied to both HCF and 
LCF conditions. In HCF, the maximum principal stress is the main 
influencing factor, while in LCF, strain plays the dominant role. The 
basic expression for SWT is given by Eq. (3): 

SWT = σmax
Δε
2

=
σ 2́

f

E
(2Ni)

b
+ σʹ

f έf (2Ni)
b+c (3) 

where σmax is the maximum normal stress on the critical plane, and Δε is 
the maximum normal strain range during one cycle. σʹ

f is the fatigue 
strength coefficient, E is Young’s modulus, έf is the fatigue ductility 
coefficient, b and c are the fatigue strength exponent and the fatigue 
ductility exponent. The key advantage of the SWT parameter is that it 
captures the combined influence of both stress and strain. The high 
stress accelerates crack initiation, while high strain indicates significant 
plastic deformation. Based on the above theory, this paper prioritizes the 
use of the SWT damage parameter when predicting crack initiation 
position, crack initiation angle and fatigue initiation lifetime. Fatigue 
parameters are listed in Table 3.

Table 3 
The fatigue parameters of the different materials applied to the two dovetail 
joints [16,19].

Model type σ’
f(MPa) έf b c

Dovetail joint with pads 2030 0.841 − 0.104 − 0.688
Traditional dovetail joint 1460.16 0.33777 − 0.10124 − 0.60152
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4.2. Theory of critical distances

As previously discussed, in fretting fatigue problems, the relative 
movement between two contact surfaces causes stress concentration on 
the contact surface. The TCD theory introduces a critical distance 
parameter, allowing consideration of the stress gradient in different 
stress fields. This provides a more accurate basis for averaging fatigue 
damage parameters and obtaining reliable fatigue life predictions. In 
fatigue lifetime prediction, directly using the maximum damage 
parameter can lead to an overly conservative estimation of lifetime. 
Therefore, it is necessary to average the damage parameter to introduce 
a specific length as a critical distance around the hotspot area. There are 
three common methods for averaging the damage parameter: namely 
Point Method (PM), Line Method (LM), and Area Method (AM) [24]. 
Critical distance L determines the depth from the surface. PM involves 
taking the damage parameter at L/2 as the averaged damage parameter 
(DPavg) to estimate fatigue lifetime, as shown in Fig. 4(a). LM is aver
aging the damage parameters of all nodes along the length of the critical 
distance and using this average as the averaged damage parameter, as 
shown in Fig. 4(b). For AM, a semicircle is drawn with the critical dis
tance using the radius and the contact surface as the base. The damage 
parameters of all nodes within this semicircular region are averaged to 
obtain the averaged damage parameter, as shown in Fig. 4(c).

There are also two methods for calculating the critical distance, 
namely fixed-TCD and variable-TCD. For fixed-TCD, the critical distance 
is considered as a fixed characteristic of the material. For the same 
material, the critical distance remains a fixed value with variations in 
loading conditions or the geometry of the material [25]. This constant is 
usually determined through fatigue testing, and its calculation formula 
is as shown in Eq. (4): 

L =
1
π(

ΔKth

Δσ0
)

2 (4) 

where ΔKth is the range of the threshold stress intensity factor and Δσ0 is 
the plain fatigue limit under the same load ratio. The fixed-TCD method 
performs particularly well in low stress gradient problem, but it does not 
perform well in fatigue tests with large stress gradients. Therefore, some 
researchers believe that the critical distance varies with different fatigue 
lifetimes. Susmel and Taylor [26] proposed the variable-TCD method, as 
shown in Eq. (5): 

Fig. 4. Methods for averaging the damage parameter. (a) PM, (b) LM and (c) AM.

Fig. 5. Flowchart for determining the critical distance using variable-TCD.
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L = ANi
B (5) 

where A and B are material parameters that can be determined by 
combining static critical distance L (Ni=1) and high cycle critical dis
tance L (Ni=107). The high cycle critical distance can be obtained by Eq. 
(4). The static critical distance can be calculated by Eq. (6) [27] as: 

L =
1
π(

KIC

σref
)

2 (6) 

where KIC and σref are material constants, i.e. mean plane strain material 
toughness and reference material strength, respectively. For the Ti6Al4V 
material, KIC = 91.45MPa

̅̅̅̅̅
m

√
, σref = 896.07 MPa, ΔKth = 3.9 MPa

̅̅̅̅̅
m

√
, 

Δσ0
[
107] = 538 MPa [28], Substituting KIC, σref , ΔKth and Δσ0

[
107] into 

Eqs. (4) and (6), the values of Ni and L are obtained. Then, by 
substituting the resulting Ni and L into Eq. (5), the critical distance 
calculation formula for Ti6Al4V can be derived, as shown in Eq. (7): 

L = 3.317Ni
− 0.329 (7) 

The implementation of this method also requires following the 
flowchart shown in Fig. 5 to achieve convergence and determine the 
final critical distance. Firstly, the initial fatigue lifetime associated with 
the hotspot is determined by utilizing the maximum damage parameter. 
This initial lifetime Ni is then used as an input and substituted into Eq. 
(7) to obtain the critical distance Li. Then, using the Li to obtain SWTavg 

by the LM averaging. Next, SWTavg is substituted into Eq. (3) to calculate 
Ni+1. If Ni+1is not equal to Ni，the process moves to the next iteration. If 
they are equal, the loop ends and the current critical distance value is 
output. The above steps represent the complete process of the variable- 
TCD method. Under various loading conditions, the critical distance 
determined by the variable-TCD method demonstrates greater reliability 
in predicting fretting fatigue lifetime.

4.3. MTCD method

The previous discussion has established that the TCD method can 
effectively mitigate the impact of stress concentration on fatigue lifetime 
predictions. Therefore, an appropriate critical distance plays a crucial 
role in the validity of the predicted results. Different loading conditions 
can lead to various stress distributions and stress gradients, so using the 
fixed-TCD is evidently incorrect. Although the variable-TCD can provide 
different critical distances based on varying loads, it still fails to perform 
well in fatigue lifetime predictions for the dovetail joints.

Stress gradient refers to the rate of change of stress with respect to 
position, and is used to characterize the variation of the stress field in 
area of stress concentration. Its mathematical expression is the deriva
tive of stress with respect to distance. In finite element analysis, the 
stress gradient at each node can be calculated using the numerical dif
ference method, as shown in Eq. (8) [18]: 

G =
dσ

dy
≈

σi+1 − σi

yi+1 − yi
(8) 

where G is the stress gradient, σ is the principal stress, and y is the depth. 
In this equation, σi+1 and σi represent the stress values at neighbouring 
nodes i + 1 and i, while yi+1 − yi is the distance between the two nodes. 
The stress gradient is used to describe the rate of change of stress, while 
the maximum principal stress serves as a reference for extreme stress. 
The two parameters complement each other, offering more reliable fa
tigue lifetime predictions under more complex stress conditions. For the 
dovetail joint, the stress distribution in the high stress concentration 
area is more complex. The combination of stress gradient and maximum 
principal stress provides a more comprehensive description of the stress 
distribution. Therefore, this paper introduces a MTCD method based on 

Fig. 6. Flowchart for the whole process of MTCD method.

Fig. 7. Stress distribution along contact surface of two different dovetail joints under maximum load: (a) WP-T11 of dovetail joint with pads and (b) T-T3 of 
traditional dovetail joint.
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the variable-TCD method, combining the effects of stress gradients and 
maximum principal stress, as shown in Eq. (9): 

LC = A
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σmax

Gmax
× L

√

(9) 

where A is a calibration value, σmax is maximum principal stress, Gmax is 
maximum stress gradient, and L is obtained from the variable-TCD.

To accurately estimate the crack initiation lifetime and provide a 
detailed and comprehensive overview of the process, a flowchart (Fig. 6) 
has been added to illustrate the steps from model construction to the 
final estimation using the MTCD method.

5. Results and discussion

5.1. Stress analysis

5.1.1. Contact stress analysis
To better analyse the stress distribution on the contact surface, Fig. 7

shows the stress distribution of two different dovetail models under 
maximum load. The results reveal a significant stress concentration 
phenomenon. Fig. 7(a) is for the dovetail joints with pads, where the 
purple curve represents the tangential stress. It is noticeable that there 
are two peaks in this curve. Along the contact surface, the tangential 
stress first reaches a negative maximum value on the negative side of the 
x-axis and then sharply rises in the opposite direction, reaching a 
maximum value of 986 MPa on the positive side of the x-axis. This oc
curs because the friction force generated by relative movement is the 
strongest at the edges of the contact area. Therefore, to resist this friction 
force, the tangential stress reaches its peak. The high tangential stress is 
a significant contributor to the initiation of fatigue cracks. The normal 
stress displays an inverted bell shape, having a peak value of − 856 MPa 
around the centre of the contact area (x = 0). The shear stress has a 
similar profile to the normal stress, but its curve is flatter, with a smaller 
peak value of 464 MPa. These curves also indicate that the length of the 
contact area length is 0.68 mm for the dovetail joints with pads. For 
traditional dovetail joints, the tangential stress reaches peaks and val
leys at the edges of the contact area due to the frictional force resisting 
the relative motion, having a peak value of 1083 MPa, as shown in Fig. 7
(b). Meanwhile, the normal stress and shear stress also exhibit rapid 
transitions at the edges of the contact area, forming a saddle-shape 
profile. The figure indicates that the length of the contact area for this 
model is approximately 5 mm. It should be noted that although the peak 
stresses in both dovetail joints exceed the yield strength, the stress drops 
rapidly to the elastic range within 10 μm from the contact edge. Due to 

the obvious stress concentration/singularity at the contact interface, 
TCD is applied to account for this effect in the fatigue lifetime predic
tion, as shown in Fig. 4. The average stress obtained using TCD is 
significantly lower than the yield strength.

The stress distribution in the cylinder-to-flat model is relatively 
symmetric, mainly due to the curved geometry of the cylindrical surface, 
which facilitates a more uniform load distribution and reduces the stress 
gradient on the contact surface. In contrast, the flat-to-flat model ex
hibits asymmetric stress distribution due to localized stress concentra
tions at the contact edges, resulting in a higher stress gradient in these 
regions.

5.1.2. Stress gradient analysis
In fatigue analysis, due to stress concentration, a high-stress gradient 

tends to form on the surface of the material, leading to the occurrence of 
fatigue damage. Therefore, stress gradient is a critical factor influencing 
crack initiation and propagation. Fig. 8 represents the stress distribution 
curves from the surface to the core of the material under maximum load 
for the two different models. The vertical axis shows the principal stress, 
while the horizontal axis represents the depth. As the depth increases, 
the principal stress gradually decreases and eventually stabilizes. Fig. 8
(a) shows the results of the dovetail joint with pads model. Comparing 
different test conditions, it is evident that different loads lead to different 
stress distributions, i.e. the greater the load, the higher the maximum 
principal stress, and the higher the stabilized value. Additionally, the 
rate of stress reduction (the stress gradient) varies with different loads. 
Similarly, the stress distribution differs across models. Fig. 8(b) shows 
the stress distribution of the traditional dovetail joint model, but it 

Fig. 8. Principal stress distribution along depth of the two different dovetail joints under maximum load: (a) dovetail joint with pads and (b) traditional dove
tail joint.

Table 4 
The maximum stress gradients for the two dovetail joints under different loading 
conditions.

Model type Test No. Applied Stress (MPa) Gmax (MPa/ 
mm)

Dovetail joint with pads WP-T5 80 35164
WP-T6 84 35544
WP-T8 90 36008
WP-T9 96 38366
WP-T11 100 36585
WP-T13 110 38002
WP-T14 120 41045
WP-T15 130 40405

Traditional dovetail joint T-T1 175 47554
T-T2 208 52819
T-T3 228 40268
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follows the same trend as the dovetail joint with pads model. That is, as 
the depth increases, the principal stress decreases and eventually sta
bilizes, with varying stress gradients under different test conditions.

To better characterize the rate of stress variation under different 
loading conditions, the maximum stress gradient, Gmax, is used in this 
paper. The calculated maximum stress gradients for different models 
under different load conditions are listed in Table 4. By comparing the 
five tests of the dovetail joint with pads model, it is found that although 
WP-T11 has a greater load, its stress gradient is smaller than that of WP- 
T9, which has a lower load. This conclusion also applies to the tradi
tional dovetail joint model. T-T3 has the largest load, but its stress 
gradient is the smallest, while T-T2 has the largest stress gradient with a 
lower load than T-T3. Therefore, the stress gradient does not necessarily 
exhibit a strong correlation with the applied load. From a physical 
perspective, the stress distribution in dovetail joints is governed not only 
by external loads but also by contact geometry. Considering that both 
factors are essential for accurately characterizing the local stress state, 
they serve as the foundation for the development of our proposed MTCD 
method.

5.2. Crack initiation position and angle

The process in which microscopic defects gradually develop into 
visible cracks under external forces is called crack initiation. Numerical 
simulation plays a crucial role in the study of crack analysis [29–32]. 
This section analyses the initiation behaviour of cracks under fretting 

fatigue and uses the SWT parameter to predict the crack initiation po
sition. The maximum SWT value indicates the position of the highest 
fatigue damage, where cracks are likely to initiate. To better represent 
the initiation position, the ratio x/a is used to describe the crack initi
ation position, where a represents the distance from the centre of the 
contact area to the edge of the contact area (1/2 the contact area length), 
and x represents the distance from the centre of the contact area to the 
location of the maximum SWT value. Table 5 shows that the contact 
length is increasing as the load increases in the dovetail joint with pads 
model and maintains a specific value in traditional dovetail joint. This is 
mainly due to differences in contact styles. As the load increases, the 
pressure on the contact surface also rises. For the cylinder-flat contact 
style, contact length is positively correlated with the contact pressure, 
whereas for the flat-flat contact style, contact length is fixed and does 
not change regardless of the contact pressure. By analysing the x/a in 
Table 5, it is evident that the value of x/a is almost unaffected by load for 
both models. The crack initiation position always remains at the contact 
area edge.

Fig. 9 shows the crack initiation angles for the two models. By 
comparing the angle between the crack and the contact surface, it is 
easily to observe that the dovetail joint with pads forms a certain angle 
(51◦) with the contact surface, directed towards the trailing edge, the 
traditional dovetail joint is nearly perpendicular (100◦) to the contact 
surface but its direction is towards the leading edge. To make a better 
comparison of the simulation results, the angles have been established in 
the global coordinate system. Fig. 9(a) represents the crack initiation 
angle of the dovetail joint with pads, which is 79◦. Fig. 9(b) represents 
the crack initiation angle of the traditional dovetail joint, which is 45◦.

When using the SWT parameter to predict crack initiation angles, 

Table 5 
The prediction of crack initiation position for the two different dovetail joints.

Model type Test No. Applied Stress (MPa) a x/a

Dovetail joint with pads WP-T3 75 0.290 0.993
WP-T5 80 0.298 0.993
WP-T6 84 0.307 0.987
WP-T7 85 0.309 0.994
WP-T8 90 0.318 0.994
WP-T9 96 0.328 0.994
WP-T11 100 0.334 0.994
WP-T12 104 0.341 0.994
WP-T13 110 0.351 0.994
WP-T14 120 0.366 0.989
WP-T15 130 0.381 0.995

Traditional dovetail joint T-T1 175 2.504 0.999
T-T2 208 2.501 1.000
T-T3 228 2.503 0.999

Fig. 9. Crack initiation angle of two different dovetail joints: (a) WP-T14 of dovetail joint with pads [14] and (b) T-T3 of traditional dovetail joint [19].

Table 6 
The prediction of crack initiation angle for the two different dovetail joints.

Model type Method Simulation 
angle (◦)

Experiment 
angle (◦)

Difference 
(%)

Dovetail joint 
with pads

FP 76 79
3.7

FS 74 79 6.3
SWT 39 79 50.6

Traditional 
dovetail joint

FP 8 45
82.2

FS 12 45 73.3
SWT 50 45 11.1
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different models exhibited different behaviours. Therefore, this paper 
utilizes three common critical plane methods (FP, FS and SWT) to pre
dict the crack initiation angles for different models. To compare the 
reliability of these methods, Table 6 shows the results of different 
methods applied to predict crack initiation angle for the two different 
dovetail joints. The predictions using the FP and FS match very well with 
the experimental results for the dovetail joint with pads, with a differ
ence of less than 7 %. However, the results predicted using the SWT 
parameter have big differences with the experimental result, with a 
maximum of more than 50 %. In contrast, for the traditional dovetail 
joint, the SWT parameter predicts the crack initiation angle with a dif
ference of 11.1 %, while the results from the FP parameter and FS 
parameter show a big difference exceeding 70 % compared to the 
experimental results.

Cracks usually initiate along the direction of maximum shear stress 
(at 45◦) or the direction of maximum normal stress. In the dovetail joint 
with pads, the crack makes 51◦ (approximately 45◦ angle) relative to the 
contact surface, proving that it is a crack dominated by shear stress. In 
the traditional dovetail joint, the crack is almost perpendicular to the 
contact surface, proving that the crack forms along the direction of 
maximum normal stress. In section 4, it has been clarified that different 
CP methods have different considerations. The FP parameter primarily 
considers the maximum shear stress amplitude, the FS parameter focuses 
on shear strain amplitude, while the SWT parameter considers the ef
fects of the maximum normal stress and the strain amplitude. Based on 
the results, for the dovetail joint with pads, where shear stress plays a 
dominant role, the FP and FS parameters exhibit higher reliability in 
predicting the crack initiation angle. Conversely, the SWT parameter is 
more suitable for the traditional dovetail joint, where the maximum 
normal stress is the primary factor influencing crack initiation.

5.3. Prediction of fatigue initiation lifetime

5.3.1. Implementation of MTCD
The implementation of the MTCD method requires selecting a set of 

tests as a calibration group to obtain the parameter A in Eq. (9). Multiple 
influencing factors are present during the experiments process, and 
although strict testing methods are used to minimize testing errors, they 
are still inevitable. For example, in Table 1, even though the loading 
conditions of WP-T10 and WP-T11 are the same, their lifetimes differ by 
64 %. Therefore, a pre-processing has been added in the fatigue lifetime 
prediction in this paper to select the calibration group and to better 
compare the experimental results with the simulation results.

In fretting fatigue, the correlation between load and fatigue lifetime 
follows a typical inverse exponential trend. At high stress level, fatigue 
lifetime decreases sharply, while at low stress level, fatigue lifetime 
decreases softly. This paper utilizes this rule to assess the validity of 
experimental results. All load and fatigue lifetime data are input to 
Origin software, and the relationship between load and fatigue lifetime 
is used to generate a fitting line. Only data points close to the fitting line 
are considered valid, with points falling directly on the fitting line 
having the highest validity and being used for calibration tests. An 
example of this method is shown in Fig. 10, where WP-T11 is selected as 
the calibration group for the dovetail joint with pads test.

Using the calibration test WP-T11 from the dovetail joint with pads 
model, the calibration value A can be easily obtained as 1.477, thus 
resulting in Eq. (10): 

LC = 1.477
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σmax

Gmax
× L

√

(10) 

After pre-processing the raw data, some anomalous data points are 
removed. The subsequent lifetime analysis is based on the following 
dataset: WP-T5, WP-T6, WP-T8, WP-T9, WP-T11, WP-T13, WP-T14, WP- 
T15 and T-T2, T-T3.

5.3.2. Results under MTCD method
Utilizing the previously described MTCD method, the data from the 

two models are listed in Table 7. For all models, the critical distance 
increases with load, regardless of the TCD method. However, for the 
dovetail joint with pads, the variable-TCD method is overly conservative 
in predicting the critical distance compared to the MTCD method. 

Fig. 10. Pre-processing of the dovetail joint with pads model.

Table 7 
The critical distance for the two different dovetail joints.

Model type Test 
No.

Applied Stress 
(MPa)

L 
(mm)

Lc 

(mm)

Dovetail joint with pads WP-T5 80 0.034 0.042
WP-T6 84 0.036 0.044
WP-T8 90 0.040 0.048
WP-T9 96 0.042 0.048
WP-T11 100 0.046 0.052
WP-T13 110 0.052 0.056
WP-T14 120 0.058 0.058
WP-T15 130 0.064 0.064

Traditional dovetail 
joint

T-T2 208 0.080 0.059
T-T3 228 0.094 0.074

Fig. 11. Comparison of predicted crack initiation lifetimes.
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Conversely, for the traditional dovetail joint, the variable-TCD method 
overestimates the critical distance compared to the MTCD method. 
Consequently, it is essential to use the MTCD method to calibrate under 
different models.

The previous introduction section has discussed that the initiation 
lifetime accounts for a large proportion of the total lifetime. In this 
paper, 90 % of the total lifetime is selected as the initiation lifetime. To 
better demonstrate the improved accuracy of the MTCD method over the 
fix-TCD and variable-TCD methods in predicting fretting fatigue initia
tion lifetime, the simulated results from this study are compared with 
the experimental results, as shown in Fig. 11. It is evident that all the red 
points are closer to the black line than the purple and blue points, with 
several points even directly on the black line. Both the variable-TCD and 
MTCD methods exhibit significantly better accuracy than the fix-TCD 
method, as their predicted data points mostly fall within the ± 2 N 
error bands, while several predictions from the fix-TCD method deviate 
beyond the ± 3 N range. This highlights the limitations of the fix-TCD 
method in capturing the fatigue initiation behaviour accurately. 
Furthermore, when comparing the MTCD method with the variable-TCD 
method, it is evident that MTCD provides even more precise predictions, 
with many data points aligning almost perfectly with the experimental 
values. In summary, the MTCD method proposed in this paper demon
strates higher reliability in predicting fretting fatigue crack initiation 
lifetime.

To further know the difference of predicted crack initiation lifetimes 
among the three methods, an error comparison is presented in Fig. 12. 
The error is calculated by Eq. (11), where Ne is the experimental initi
ation lifetime, and Np is the predicted initiation lifetime using different 
methods: 

Error =
|Ne − Np|

Ne
× 100% (11) 

For most test cases, the MTCD method achieves significantly lower 
error percentages compared to fix-TCD and variable-TCD. In particular, 
WP-T5 and T-T3 show near-zero error (0.8 % and 0.6 %), demonstrating 
the superior accuracy of MTCD.

6. Conclusions

This paper is based on fretting fatigue tests of two dovetail joint 
models, analysing the stress distribution of both models, studying the 
crack initiation locations and angles, and predicting the fatigue initia
tion lifetime. Based on the numerical simulations, the following con
clusions have been drawn: 

1. As the load increases, the length of the contact area for the dovetail 
joint with pads increases, while it remains nearly unchanged for the 
traditional dovetail joint.

2. In both dovetail joints, the maximum principal stress shows a posi
tive correlation with increasing load. However, the value of the stress 
gradient is not necessarily strongly correlated with the magnitude of 
the load.

3. For the dovetail joint with pads, the FP and FS parameters exhibit 
higher reliability in predicting the crack initiation angle. Conversely, 
the SWT parameter is more suitable for the traditional dovetail joint.

4. A pre-processing step has been added in the fatigue lifetime predic
tion to select a more accurate calibration group, allowing for better 
comparison of the test results with the simulation results.

5. A Modified Theory of Critical Distances (MTCD) has been proposed, 
integrating the effects of stress gradients and maximum principal 
stress, resulting in more precise predictions of fatigue initiation 
lifetime.

Statement of novelty

Under fretting conditions in dovetail joints, the stress-strain distri
bution on the contact surface becomes more complex, affecting the 
applicability of different criteria. This study examines the stress states 
across various models and evaluates the suitability of each criterion 
accordingly. The accuracy of crack initiation angles prediction for two 
dovetail joints is improved.

The maximum principal stress serves as a reference for extreme stress 
and the stress gradient is used to describe the rate of change of stress. 
The combination of stress gradient and maximum principal stress pro
vides a more comprehensive description of the stress distribution, A 
Modified Theory of Critical Distances (MTCD) is introduced, integrating 
stress gradients and maximum principal stress, to improve fretting fa
tigue lifetime predictions in dovetail joints. Unlike traditional TCD 
methods, the modified approach accurately addresses complex stress 
distributions, offering more precise predictions of crack initiation.
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