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Fretting refers to the small amplitude oscillatory relative motion between two contacting surfaces, which can
occur due to various mechanical. When this relative motion occurs under cyclic loading conditions, it can cause
surface damage and crack initiation through a process known as fretting fatigue. Fretting fatigue is a critical
failure mechanism in many mechanical assemblies, particularly in dovetail joints of aircraft turbine engines.
Accurate prediction of fretting fatigue lifetime relies on a thorough understanding of the evolution of contact
behaviour. Existing studies have primarily focused on the spatial distribution of slip states under fixed loading
conditions, with limited systematic analysis of the spatial-temporal evolution of slip-stick behaviour during
cyclic loading. This study combines fretting fatigue experiments with finite element simulations to systematically
characterise the contact behaviour of a flat-to-flat dovetail joint model under varying joint angles. By introducing
the accumulated relative slip, the temporal and spatial evolution of slip and stick states are analysed. The study
reveals, for the first time, three distinct stick-slip stages during loading cycles and their corresponding spatial
distributions along the contact surface. Furthermore, within the framework of the modified Theory of Critical
Distances (MTCD), the study further quantifies the independent influences of stick proportion and reverse slip
magnitude on crack initiation lifetime. These results establish a direct link between contact behaviour evolution
and fatigue damage, advancing the mechanistic understanding of fretting fatigue, and provide a theoretical basis
and engineering reference for the design and reliability assessment of critical mechanical joint structures.

1. Introduction

Fretting refers to the small amplitude oscillatory relative motion
between two contacting surfaces, which can occur due to various me-
chanical. When this relative motion occurs under cyclic loading condi-
tions, it can cause surface damage and crack initiation through a process
known as fretting fatigue. Fretting fatigue is a critical failure mechanism
in many mechanical assemblies, particularly in dovetail joints of aircraft
turbine engines [1-5]. This phenomenon is characterized by extremely
small displacements and significant stress concentrations at the contact
surface, which promote the initiation and rapid propagation of micro-
cracks [6,7]. These cracks result in irreversible damage and significantly
reduce the service life of structural components. In practical
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applications, many mechanical assemblies experience fretting fatigue
during service, such as bearings, bolted joints, and gears [8]. Among
these, one of the most critical and well-known cases is found in aircraft
turbine engines. In such engines, blades and disks are typically con-
nected through dovetail joints, where fretting fatigue at the contact in-
terfaces can lead to crack initiation at the blade root, ultimately
compromising engine safety and longevity [9,10]. As a result, fretting
fatigue in dovetail joints has been identified by the U.S. Air Force as a
high-risk issue during aircraft service life [11].

To better analyse the impact of fretting fatigue on component life-
time, researchers have proposed various theoretical approaches to pre-
dict the fatigue behaviour of materials, with the most main being the
Continuum Damage Mechanics (CDM) and the Critical Plane (CP)
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theory. CDM, developed within a thermodynamic framework, focuses
more on the evolution of microscopic damage and enables comprehen-
sive modelling of the entire fatigue damage process [12-14]. While, CP
theory identifies the most critical plane within the material where crack
initiation is most likely to occur, making it well-suited for handling
complex multiaxial stress states [15,16]. Since this study focuses on the
prediction of crack initiation lifetime, the CP theory is adopted for its
simplicity and efficiency. A detailed description of the CP theory is
provided in Section 2.

The slip-stick behaviour at the contact interface plays a crucial role
in the investigation of fretting fatigue mechanisms. It characterizes the
relative motion between two contacting surfaces, which directly in-
fluences stress distribution, energy dissipation and crack initiation. A
thorough understanding of contact behaviour is essential for the
development of more accurate and reliable fatigue lifetime prediction
models. Researchers often assess the distribution of stick and slip states
by examining shear stress distribution under maximum load conditions
[8,17,18]. Conner and Nicholas [19] attempted to analyse contact
behaviour in a dovetail joint model with pads by evaluating shear stress
at different loading stages. Their results indicated the presence of
varying contact states throughout the loading process, although no
definitive conclusions were drawn. Glodek and Talemi [2] proposed
using the ratio of fretting fatigue stress, coefficient of friction and normal
contact pressure as a key parameter for identifying stick or slip state.
However, no quantitative explanation or clarification was provided.
Mugadu et al. [20] developed a fretting fatigue model featuring a flat
pad with rounded edges. By varying the ratio between the half-width of
the flat portion of the indenter and the half-width of the contact area,
they analysed the resulting contact pressure distributions and briefly
examined the corresponding slip and stick zones under different loading
conditions.

In previous studies on fretting fatigue, the concept of partial slip has
been commonly used to describe the spatial distribution of slip and stick
within the contact region at a given moment. However, it is often
difficult to determine the temporal evolution of the contact state at a
specific point, which may dynamically alternate between sticking and
slipping. This time-dependent behaviour can be characterized as slip-
stick. Although some studies have addressed either the spatial or tem-
poral aspects of slip-stick phenomena, few have systematically investi-
gated their coupled evolution across both dimensions during cyclic
loading. In this study, a novel approach is proposed by introducing the
accumulated relative slip as a metric to evaluate the temporal and
spatial stick-slip evolution at the contact region. Furthermore, the
relationship between slip-stick transitions and crack initiation is
explored, providing theoretical insights to support more accurate fret-
ting fatigue lifetime prediction.

2. Methodology
2.1. Critical plane theory

In the field of multiaxial fatigue research, the CP theory has been
widely adopted as an effective approach for predicting fatigue lifetime.
This theory posits that fatigue cracks tend to initiate on a specific plane
oriented in such a way that it experiences the most severe damage [21,
22]. This, so-called critical plane, is the surface where the fatigue
damage reaches its maximum, and crack initiation is most likely to
occur. To quantitatively evaluate the level of damage on the critical
plane, various researchers have proposed different fatigue damage pa-
rameters within the framework of the CP theory. These parameters are
designed to account for different loading conditions and fatigue regimes.
Among the most used are the Findley Parameter (FP), the Fatemi-Socie
Parameter (FS), and the Smith-Watson-Topper Parameter (SWT) [23,
24]. Each of these damage models incorporates distinct physical quan-
tities and assumptions to predict crack initiation under complex multi-
axial stress states, making them suitable for different applications in
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fatigue analysis.

The FP parameter is one of the earliest fatigue damage criteria based
on the CP theory. It considers the maximum shear stress as the primary
driver for crack initiation while accounting for the auxiliary influence of
normal stress [25]. By incorporating the maximum normal stress as a
correction factor, a comprehensive fatigue criterion is established,
making it suitable for lifetime prediction under high-cycle fatigue (HCF)
conditions. The FP criterion effectively describes shear-dominated fa-
tigue behaviour, particularly under complex tensile-shear combined
loading.

The FS parameter is more applicable to Low-Cycle Fatigue (LCF)
conditions. It uses the shear strain amplitude as the main control vari-
able and incorporates the maximum normal tensile stress during the
load cycle as a weighting factor to account for the embrittlement effect
of tensile stress [26]. This makes the FS parameter particularly
well-suited for scenarios involving significant plastic deformation.

The SWT parameter, proposed by Smith, Watson, and Topper, em-
phasizes the combined effect of the maximum principal stress and strain
amplitude. It quantifies fatigue damage by the product of the maximum
principal stress and the corresponding strain amplitude in the principal
direction [18].In this study, the majority of fretting fatigue tests were
conducted within the range of 10%-10° cycles, corresponding to the
transition region between LCF and HCF. This makes SWT especially
appropriate, as it can capture the interaction between stress- and
strain-driven damage mechanisms across this transitional fatigue
regime.

Compared with the Findley Parameter (FP) and Fatemi-Socie (FS)
parameter, which primarily emphasize shear strain and shear stress
respectively, the SWT parameter provides a more balanced representa-
tion of the crack initiation process. Moreover, our previous in-
vestigations under similar contact geometries [27] have shown that both
FS and FP criteria yield less accurate predictions of fatigue damage
orientation, while SWT demonstrates better agreement with experi-
mental results. Based on these considerations, the SWT criterion is
adopted in the present work. It is also worth mentioning that friction
heat is neglected in the adopted approach, which is a limitation and
requires further improvement in future research. The basic expression
for SWT is given by Eq. (1):

72
Ae O ‘o

SWT = Oy = Ef(ZNi)b +0, (2N )

where 6. and Ae are the maximum normal stress and the maximum

normal strain range. a} is the fatigue strength coefficient (1460.16 MPa),

E stands for Young’s modulus, e’f is the fatigue ductility coefficient

(0.33777), b and c are the exponents for fatigue strength and fatigue
ductility(-0.10124 and —0.60152) [28].

2.2. Theory of critical distances (TCD)

In the analysis of contact fatigue, due to the relative motion between
two contact surfaces, the stress distribution in the region of the contact
surface is uneven, often exhibiting areas of high stress concentration,
leading to a significant stress gradient. Relying solely on the maximum
damage parameter for fatigue lifetime prediction may result in overly
conservative estimates. The Critical Distance Theory (TCD) addresses
this by introducing a ‘critical distance’ parameter, which averages the
damage parameters in the stress-concentrated region within a defined
distance, yielding an average damage parameter that better represents
the overall material state [29-31]. In this study, considering the balance
between computational time and accuracy, the Line Method (LM) is
selected to average the damage parameters for fatigue lifetime predic-
tion. LM averages the damage parameters of all nodes along the depth
direction of the contact surface within the critical distance and uses this
average as the representative damage parameter for the material’s
overall condition.
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In calculating the critical distance, the MTCD method from the au-
thors’ previous research is adopted [27]. This method, based on the
variable-TCD, considers both the maximum principal stress and its stress
gradient. Under complex stress conditions, the maximum principal
stress, as an extreme value, reflects the critical stress, while the stress
gradient, as the rate of change, describes the variation in the stress
distribution. Together, these two parameters provide a more compre-
hensive description of the stress distribution and offer a more reliable
basis for fatigue lifetime prediction.

In finite element analysis, the stress gradient at each node can be
calculated using a numerical difference approach, as shown in Eq. (2):
ngzﬂiﬂfﬁi )
dy  Yin =i
where G represents the stress gradient, ¢ is the principal stress, and y is
the depth. In this equation, o; ; ; and o; represent the principal stresses at
adjacent nodes i + 1 and i, while y;, ;- y; indicates the distance between
them. To improve prediction accuracy, this study incorporates both the
maximum principal stress and the maximum stress gradient into the
correction of the critical distance. Based on the initial critical distance Lo
obtained from the variable-TCD method, the modified critical distance
L. for TC4 is calculated using Eq. (3) [27]:

Lo = 1.477, /25« 1, 3

max

where 6max and Gpgx corresponding to the maximum principal stress and
the maximum stress gradient, and Lo is the initial critical distance ob-
tained through the variable-TCD.

The MTCD method is implemented as follows: first, a finite element
simulation of the dovetail joint model is conducted using ABAQUS to
obtain the stress distribution in the contact region. Then, the principal
stress distribution is extracted, and the maximum stress gradient is
calculated using Eq. (2). Based on the initial critical distance Ly obtained
from the variable-TCD method, the final critical distance L. is computed
using Eq. (3). Simultaneously, Python is used for post-processing to
obtain the distribution of the SWT damage parameter in the contact
region. The LM is then applied to average the SWT damage parameter,
yielding the mean damage value. Finally, Eq. (1) is used to calculate the
crack initiation lifetime under the given loading condition. The detailed
procedure can be referred to in the MTCD method flowchart shown in
Fig. 1.

Solve contact
problem in Abaqus

Post process with
python to get SWT
for each node

1 |

Principle stress
distribution

Numerical solution l
to get stress field

Determine Ly by
using variable-TCD
l method

Calculate Gmax and Calculate L, with I
B —

Giax MTCD method

}

Calculate SWTavg parameter with
Line Method

Estimate lifetime N;

Fig. 1. Flowchart for the implementation of MTCD method [27].
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3. Experimental validation
3.1. Experimental data

To investigate fretting fatigue behaviour at the blade-disk interface
in aircraft turbine engines, a sub-scale dovetail specimen and corre-
sponding fixture were designed in Ref. [28]. The specimen is made of
TC4 titanium alloy, a typical o+ titanium alloy, with its material
properties listed in Table 1.

The designed dovetail specimen has a thickness of 96 mm, which
offers greater practical relevance than traditional thin-plate specimens.
A symmetric dual-root configuration is employed, allowing two test
results to be obtained from a single experiment. The fretting fatigue tests
of the dovetail joint structure were conducted using a servo-hydraulic
testing machine. The tests were performed under uniaxial cyclic
loading conditions with a load ratio of 1/16. The contact between the
dovetail slot and the tenon is of a flat-on-flat type, with a joint angle of
55°. The experimental equipment and the geometrical dimensions of the
dovetail joint are shown on Fig. 2. The current study applies a single
uniformly distributed load on the blade’s upper surface, contrasting
with conventional fretting fatigue tests where normal, tangential, and
shear stresses are independently prescribed and measured. In our
configuration, these stress components emerge naturally through con-
tact interactions under the applied load, with their distributions deter-
mined computationally via finite element analysis rather than through
experimental measurement.

The experimental results are listed in Table 2. Among the cases, T1,
T3, and T5 correspond to the upper dovetail joint, while the others
represent the lower dovetail joint. The measured lifetimes correspond to
the total fatigue lifetime. The six experimental test results serve dual
purposes: (1) calibrating and validating our fatigue lifetime prediction
model through time-to-fracture data, and (2) verifying modelling ac-
curacy by comparing predicted versus observed crack initiation loca-
tions and propagation angles, the details are shown in 4.3.

The applied stress ¢ is calculated from the concentrate cyclic force F
using Eq. (4):

== C)

where A is the area of the contact surface (621.6 mm?) through which
the load is actually transmitted.

3.2. Finite element analysis

In this study, a 2D Finite Element (FE) model was developed using
ABAQUS to investigate the fretting fatigue behaviour. The FE model of
the dovetail joint developed in this study is shown in Fig. 3. Considering
the symmetry of the dovetail joint structure, only half of the geometry
was modelled, and symmetric boundary conditions were applied along
the central axis. The bottom surface of the fixture was fully constrained
in both the x and y directions. A linear elastic constitutive model was
used in the simulation, with CPE4 elements (four-node plane strain el-
ements) employed for analysis. The contact interface between the
dovetail slot and the dovetail tenon was defined as a contact pair. To
improve the accuracy of stress distribution analysis and fatigue lifetime
prediction, a local partitioning of the contact region was performed, and
mesh refinement was applied to the lower surface beneath the contact

Table 1
The mechanical characteristics and physical properties of TC4 titanium alloy
[28].

Young’s Yield strength Ultimate tensile Poisson Density
modulus (GPa) (MPa) strength (MPa) ration (kg/
m3)
109 880 938 0.34 4400
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Fig. 2. Experimental setup and geometric details of the dovetail joint [28]: (a) overview of the experimental setup, (b) geometric dimensions of the specimen and (c)

detailed dimensions of the contact surface.

Table 2

The fretting fatigue test results for the dovetail joint with pads model [28].
Test No. Fax (KN) Frin (KN) Omax (MPa) Omin (MPa) Ny (cycles)
T1 161.7 10.11 175 10.94 101193
T2 161.7 10.11 175 10.94 74700
T3 191.7 11.94 208 13.00 44403
T4 191.7 11.94 208 13.00 62408
T5 210.7 13.17 228 14.25 42550
T6 210.7 13.17 228 14.25 39025

area over a length of 0.5 mm along the contact direction. Mesh sensi-
tivity analysis has been well-established in prior studies [32]. Therefore,
the element size of 0.002 mm was selected based on existing literature
and the requirements of the MTCD approach to ensure accurate stress
gradient resolution. The load is applied to the top of the specimen using
anon-linear loading scheme, as shown in Fig. 3(c), where 6., represents
1/16 of 6max-

For the contact problem in dovetail joint structures, the commonly
used algorithms are the Lagrange multiplier method and the penalty
method. Both the penalty method and Lagrange multiplier method are
theoretically viable for this contact simulation, though each presents
distinct limitations. The Lagrange multiplier method [33], while
providing exact constraint enforcement, suffers from three key draw-
backs: (1) introduction of additional degrees of freedom increases
computational cost, (2) numerical instability may occur during large
sliding conditions, and (3) implementation complexity rises significantly
for non-matching meshes. Conversely, the penalty method’s primary
limitations involve (1) inevitable elastic penetration at contact in-
terfaces and (2) sensitivity to penalty stiffness parameter selection [34].

However, for flat-to-flat contact structures, convergence issues are often
encountered. The penalty method, which allows for slight interpene-
tration, exhibits better adaptability and numerical stability in such
cases. Therefore, the penalty method is adopted in this study, with the
coefficient of friction set to 0.5. Contact segmentation method adopted
in this analysis is segment-to-segment method. The FE model used in this
study is an implicit model. The step type applied is Static, General, and
the convergence tolerance is set to 0.5 %.

To better analyse the contact behaviour and crack initiation, the
global coordinate system (x, y) was transferred to establish a local co-
ordinate system (x’, y’). The origin of this local system is set at the centre
of the contact surface, with the x’ - axis aligned along the contact
interface and the y’-axis oriented perpendicular to it. Therefore, all
location-related data presented hereafter are referenced to the local
coordinate system. In this study, wear and oxidation effects are not
included in the numerical model. This simplification is adopted to focus
specifically on the mechanical role of slip in fretting fatigue crack
initiation.

The MTCD method is employed to calculate crack initiation lifetime
under different loading conditions based on the simulation results. In the
authors’ previous work, the MTCD approach demonstrated excellent
applicability in predicting the fatigue lifetime of dovetail joints, with the
smallest error observed in the T6 case only 0.6 % deviation from the
experimental result, as shown in Fig. 4. As for the other data points,
detailed explanations have already been provided in our earlier publi-
cations Ref. [27].

Therefore, the subsequent investigation of contact behaviour in
various dovetail joint configurations is conducted based on this vali-
dated model. Since variations in the dovetail angle are expected to in-
fluence contact behaviour, this study examines the effect of joint angle
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Fig. 3. The FE model for the dovetail joint model: (a) boundary and loading conditions, (b) enlarged view of the contact region and (c) load application.
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Fig. 4. Comparison of predicted and experimental lifetimes [27].

on slip characteristics and its subsequent impact on fatigue lifetime,
while keeping all other parameters constant. The selected joint angles
are 20°, 30°, 35°, 40°, 45°, 50°, 55°, 60°, and 70°, with 55° used as the
validation test. An applied stress of 228 MPa is used in all tests.

4. Results and discussion
4.1. Spatiotemporal analysis of contact behaviours

In the study of fretting fatigue, existing literature often classifies
contact behaviour on a regional basis, typically dividing the contact
conditions into stick, slip, or stick-slip. The stick state refers to a state
where the relative displacement at the contact point remains zero
throughout the entire loading process, indicating that no sliding occurs
at any time. In contrast, the slip state involves continuous relative
sliding at the contact interface. The stick-slip state describes a situation
in which the contact surface alternates between sticking and slipping
over time, reflecting transitions between adhesion and sliding phases.
However, for complex structures such as dovetail joints, there is still a
lack of in-depth investigation into the specific evolution of contact
behaviour during the fretting process. Most studies tend to describe the

contact interface in general terms as being in a stick-slip zone, without
fully acknowledging that fretting is inherently a dynamic phenomenon.
In reality, fretting fatigue occurs across multiple positions on the contact
surface and evolves continuously with cyclic loading. Therefore, a sys-
tematic analysis of the temporal and spatial evolution of contact
behaviour is essential for revealing the underlying contact mechanisms
driving fretting fatigue.

In ABAQUS, Contact Slip (CSLIP) is used to describe the accumulated
relative slip at the contact interface, typically referring to the total
tangential displacement between two contacting nodes. To better
characterize the spatial and temporal evolution of fretting fatigue, this
study analyses the contact behaviour of different nodes at various time
points from both spatial and temporal perspectives. To better illustrate
the contact behaviour at various points on the contact surface, Fig. 5
presents the variation of CSLIP at different positions during the loading
cycle. To investigate contact behaviour at different positions along the
contact surface during the fretting process, three representative points
on the blade are selected: the lower edge (Point A), the middle (Point B),
and the upper edge (Point C), as shown in Fig. 5(a). Fig. 5(b) presents the
CSLIP evolution of these points over a full loading cycle. The time 0.5
corresponds to the maximum value of the cyclic load, while time 1
corresponds to the minimum load before transitioning into the next
loading cycle.

Focusing on Point B, the cumulative slip increases continuously
during the loading stage, indicating that slip occurs at this position. It
means that point B is in a slip state during loading stage. However, as
unloading begins, the cumulative slip remains constant for a period,
which suggests that Point B enters a stick state. Toward the end of the
unloading stage, the cumulative slip begins to increase in the opposite
direction, revealing that Point B undergoes reverse slip during the
unloading stage. For Point A, the CSLIP value remains zero during the
early loading stage. Because it is initially outside the contact region. As
the loading progresses, the normal pressure perpendicular to the contact
interface increases, expanding the contact region and bringing Point A
into contact with the disk. Once contact is established, Point A begins to
slip together with other points in the contact region until the end of the
loading phase. During unloading, its behaviour is similar to that of Point
B, i.e. it first enters a stick state, followed by a reverse slip at the end of
the unloading stage. However, since Point A joins the contact region
later than Point B, its maximum cumulative slip is smaller. The contact
behaviour of Point C is relatively straightforward to interpret. Initially,
its cumulative slip increases are similar to that of Point B during the
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Fig. 5. Temporal evolution of relative slip at different positions within the contact surface: (a) illustration of selected positions and (b) variation of CSLIP values at

different positions over one loading cycle.

loading stage, indicating that Point C is also involved in relative motion
at the early loading stage. However, as the loading continues and
displacement evolves, Point C gradually moves out of the contact region.
Once it loses contact with the disk, no further relative slip occurs, and its
CSLIP value remains constant from that moment onward.

CSLIP (mm)

CSLIP (mm)

To comprehensively investigate the contact behaviour at different
positions across the contact interface, this study employs 3D surface
plotting to visualize the spatiotemporal evolution of slip at various po-
sitions over time. By comparing dovetail joint structures with varying
joint angles, the analysis reveals how contact behaviour evolves

Fig. 6. Spatiotemporal evolution of contact behaviour in dovetail joint models with varying joint angles: (a) 20°, (b) 55° and (c) 70°.
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differently in space and time depending on the joint geometry. The re-
sults are illustrated in Fig. 6.

Fig. 6(b) presents the contact behaviour of the dovetail joint model
with a joint angle of 55°. Spatially, the contact interface can be cate-
gorized into three distinct regions: the lower edge, the central region,
and the upper edge of the contact surface. The characteristics of these
regions are consistent with the analysis discussed previously in Fig. 5.
Specifically, points along the lower edge of the contact interface initially
remain out of contact, then gradually enter the contact zone and un-
dergo a sequence of slip, stick, and reverse slip during the loading cycle.
However, the timing of entry into the slip-active region and the slip
amplitude varies across different positions. For points near the upper
edge of the contact region, the contact behaviour begins in phase with
the central region, but these points eventually move out of the contact
zone as the cycle progresses. Again, the timing of exit and the magnitude
of slip differ depending on the position. In contrast, points located at the
centre of the contact interface exhibit a uniform contact behaviour: all
points undergo forward slip during the loading phase, followed by a
stick phase and then reverse slip during unloading. The slip amplitude in
this central region remains consistent across all positions.

Fig. 6(a) illustrates the contact behaviour of the dovetail joint model
with a joint angle of 20°. A clear distinction is observed between the
upper and lower regions of the contact interface. The upper portion of
the contact region consistently exhibits a pronounced stick behaviour
throughout both the loading and unloading stages. In contrast, the lower
region shows a forward slip during the loading stage, followed by a brief
stick phase, and then transitions into reverse slip during unloading
stage. Although the amplitude of slip varies across different positions in
the lower region, the maximum slip value remains limited to approxi-
mately 2.5 pm. Therefore, it can be concluded that the contact interface
of the 20° dovetail joint largely maintains a full-stick condition under
the given loading cycle.

Fig. 6(c) presents the contact behaviour of the dovetail joint model
with a joint angle of 70°. Overall, the observed behaviour is consistent
with that of the 55° model. However, several distinctions become
evident as the joint angle increases. Notably, the points located near the
lower edge and central region of the contact interface no longer exhibit a
pronounced reverse slip during the unloading phase. In addition, the
overall slip amplitude increases with the joint angle. For the 70° model,
the maximum slip reaches approximately 0.23 mm, nearly twice that
observed in the 55° model (0.099 mm). Furthermore, a clear increase in
the number of points located at the upper edge of the contact region can
be observed, indicating an expansion of the upper edge region.

4.2. Comparative analysis for different joint angles

The 3D visualizations presented earlier reveal significant spatial
differences in contact behaviour across the contact region, while the
central contact region exhibits a consistent slip evolution pattern across
all models. To better interpret the variation in contact behaviour asso-
ciated with different joint angles, a two-dimensional comparative
analysis is performed by extracting the central point of the contact re-
gion from each dovetail joint model. The results are illustrated on Fig. 7.

The curves corresponding to the 20° and 30° models almost entirely
overlap in the figure, indicating a full-stick condition throughout the
loading cycle. Starting from a joint angle of 35°, all dovetail joint models
exhibit a complete slip state during the loading stage, with the slip
magnitude increasing progressively with angle. However, distinct dif-
ferences emerge during the unloading stage. Specifically, the duration of
the stick state and the magnitude of reverse slip vary with inclination.
Especially, at 70°, the model shows almost no significant reverse slip
during unloading stage, indicating a substantial reduction in interface
recovery behaviour.

The results of the 20° and 30° models differ significantly from those
observed at higher joint angles. To further elucidate the distinct
behaviour exhibited by the 20° and 30° models, a simplified mechanical
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Fig. 7. CSLIP values of dovetail joint models with different joint angles.

analysis of the dovetail joint structure is conducted, as shown in Fig. 8.

The force analysis indicates that for a point to enter a slip state, the
tangential force component must exceed the maximum static friction,
which is defined as the product of the maximum static friction coeffi-
cient and the normal force, as described in Eq. (5):

Fsing > fi™ = y Fcos0 (5)

where F is cyclic force, fi™* is maximum static friction force, y, is the
static coefficient of friction, and @ is joint angle. By further simplifying
Eq. (5), the resulting expression is given in Eq. (6), in which the applied
force is completely cancelled out:

tand > (6)

Therefore, the occurrence of slip at a given point is not governed by
the applied force itself but solely by the joint angle. Specifically, when
tan 0 exceeds the maximum static friction coefficient of the contact
interface, slip is possible. In contrast, when tan 6 is smaller, the point
cannot overcome static friction and will remain in a stick state regardless
of the loading force applied. Based on the above analysis, the fully stick
state observed in the 20° and 30° models can be attributed to the fact
that tan 6 does not exceed the maximum static friction coefficient. As a
result, slip cannot be initiated in these models. When the joint angle
reaches 35°, tan 6 surpasses the critical threshold, enabling the onset of
slip. From this angle onward, the loading phase exhibits a fully slipping
condition.

To further investigate the variation in contact behaviour across
models with joint angles ranging from 35° to 70°, two quantitative in-
dicators are introduced: the proportion of stick state and the magnitude
of reverse slip. The statistical results based on these parameters are
presented in Fig. 9. Fig. 9(a) demonstrates that the proportion of stick
state initially decreases with increasing angle, reaching a minimum at
50°, before subsequently rising, peaking at 70° with a value of 45.67 %.

Fig. 8. Simplified force analysis of the dovetail joint structure.
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Fig. 9. Comparison of contact behaviour during the unloading stage in different dovetail joint angles: (a) proportion of stick state under different joint angles and (b)

magnitude of reverse slip under different joint angles.

This trend indicates that, for moderate angles, the contact surface ex-
periences more extensive sliding behaviour, while at lower and higher
joint angles, the stick state tends to dominate for longer durations. Fig. 9
(b) reveals the evolution of reverse slip magnitude. From 35° to 50°, the
reverse slip increases steadily, with a peak at 50° (0.04484 mm), indi-
cating significant displacement in the unloading stage. However, a sharp
decline is observed beyond 55°, with reverse slip nearly disappearing at
70°, reducing to just 0.00076 mm. At the same time, by comparing the
trends of the proportion of stick state and the magnitude of reverse slip,
it can be observed that at 50°, the stick proportion reaches its minimum
while the reverse slip magnitude attains its maximum. However, this
does not imply a direct inverse correlation between the two parameters.
For instance, although the 45° model exhibits a lower proportion of stick
state compared to the 55° model, its reverse slip magnitude is still
smaller. This indicates that the two parameters are mutually indepen-
dent and respond differently to variations in joint angle, each reflecting
distinct aspects of the underlying contact mechanics.

Based on the above analysis, it can be concluded that in dovetail joint
structures with excessively small angles, contact behaviour is
completely suppressed, resulting in a fully stick state. However, as the
angle increases, the slip mechanism does not exhibit a monotonic rela-
tionship with the joint angle. Especially, in the range of 45° to 55°, the
reverse slip during the unloading stage is most pronounced, accompa-
nied by the shortest duration of the stick state. In contrast, when the
joint angle is either too small or too large, the contact behaviour is
significantly diminished. This phenomenon highlights the critical role of
geometric design in enhancing the mechanical performance of dovetail
joints under cyclic loading conditions.

4.3. Crack initiation analysis

4.3.1. Crack initiation position and angle

The analysis of crack initiation holds significant importance in the
study of fretting fatigue. This section focuses on investigating the in-
fluence of different dovetail joint angles on crack initiation behaviour
during the fretting fatigue process. The SWT damage parameter is
employed to predict the location of the most severe fatigue damage,
which corresponds to the crack initiation site. To better illustrate the
specific location of crack initiation, the ratio x’/a is used, where a rep-
resents the half-width of the contact area (the distance from the contact
centre point to the contact edge), and x’ denotes the distance from the
contact centre point to the position of the maximum SWT value (the
coordinate of the crack initiation point). The crack initiation positions
for different angles are summarized and presented in Table 3.

From Table 3, it can be observed that as the joint angle increases, the
half-width of the contact region (a) exhibits a slight decreasing, then
increasing trend, reaching its minimum value of 2.5111 at 50°, indi-
cating a temporary contraction of the contact length. In contrast, the

Table 3
Crack initiation positions at different dovetail joint angles.
Joint angle 6 (°) a (mm) x’ (mm) x'/a

20 2.542 2.54 0.999
30 2.5341 2.5341 1.000
35 2.5222 2.5201 0.999
40 2.5153 2.5133 0.999
45 2.5139 2.5059 0.996
50 2.5111 2.4911 0.992
55 2.5123 2.4743 0.985
60 2.5124 2.4483 0.974
70 2.5216 2.3616 0.937

crack initiation coordinate (x’) consistently decreases with increasing
joint angle, suggesting that the crack initiation point gradually shifts
closer to the centre of the contact region. Moreover, the positive values
of x’ across all angles confirm that the crack always initiates on the
upper edge of the contact region.

However, when considering the relative position expressed by the
ratio x’/a, a different trend emerges. For joint angles between 20° and
45°, x’/a remains nearly constant and close to 1.000, indicating that the
crack consistently initiates near the upper edge of the contact zone.
Starting from 50°, this ratio begins to decrease progressively. At 70°, x’/
a drops to 0.937, clearly demonstrating a shift of the crack initiation
point toward the centre of the contact region. This trend suggests that at
joint angles of 50° and above, the crack initiation location tends to move
inward toward the centre of the contact region.

Among the commonly used damage parameters for predicting crack
initiation angles (FP, FS, and SWT), the authors’ previous research has
demonstrated that the SWT parameter offers superior reliability in
predicting crack initiation angles for dovetail joint models with flat-to-
flat contact [27]. Therefore, the SWT parameter is adopted in this
study to predict the crack initiation angles. Since the simulation directly
provides the crack initiation angles relative to the global coordinate
system (x, ), a transformation is required to obtain the angles relative to
the contact surface. To clarify the relationship between the predicted
crack angles and the contact surface, the simulation results are con-
verted accordingly. The transformation method is illustrated in Fig. 10,

As shown in Fig. 11, the red line represents the predicted crack
initiation angle, which is in good agreement with the experimental re-
sults, confirming the reliability and accuracy of the SWT method.
Although there is some debate regarding the appropriate definition of
crack initiation length (50-100 pm), in this case it is clearly observed
that the crack angle remains nearly constant over a length of approxi-
mately 2 mm. Therefore, the angle can be reasonably regarded as the
crack initiation angle. Based on this validated test, further analyses were
conducted to investigate the influence of dovetail geometry on the crack
initiation angle, with the results listed in Table 4.
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Fig. 11. Comparison of predicted and experimental initiation angle.

Table 4
Crack initiation angles at different dovetail joint angles.

Joint angle 6 (°) Simulation angle 6; (°) Transformed angle 6, (°)
20 19 89
30 29 89
35 34 89
40 39 89
45 43 88
50 46 86
55 50 85
60 55 85
70 63 83

Through analysis, it is evident that when the dovetail joint angle
ranges from 20° to 40°, the crack initiation angle relative to the contact
surface remains nearly unchanged, staying almost perpendicular to the
surface. Starting from 45°, as the joint angle increases, the crack initi-
ation angle begins to decrease slightly, indicating a minor deflection of
the crack path toward the contact surface. Given that crack initiation
consistently occurs near the upper edge of the contact region, this sug-
gests that increasing the joint angle causes the crack direction to shift
slightly toward the centre of the contact region.

In summary, as the dovetail joint angle increases, there is no sig-
nificant change in either the crack initiation position or angle within the
range of 20° to 40°. However, beyond 45°, both the crack initiation
position gradually shifts toward the centre of the contact region, and the
crack initiation angle exhibits a noticeable deflection toward the same
direction.

4.3.2. Crack initiation lifetime
The effect of dovetail joint angle on fatigue lifetime is investigated
through its impact on contact mechanics. Crack initiation lifetime is
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evaluated for various angles using the MTCD method [27]. In addition,
the correlation between contact behaviour and fatigue lifetime is
explored based on the observed contact mechanisms across different
angles. All the results are presented in Table 5.

It is first evident that the 20° and 30° models exhibit full stick state
and correspondingly show the shortest initiation lifetime among all
cases, indicating that sticking has a negative effect on fatigue lifetime.
Although the 70° model also maintains stick state during the unloading
stage, it still demonstrates a longer initiation lifetime than the 20° and
30° models due to the presence of slip during loading stage. Interest-
ingly, the influence of reverse slip shows the opposite trend, i.e. given
similar proportion of stick state, a larger reverse slip magnitude corre-
lates with a longer initiation lifetime (e.g., 40° vs. 60°), suggesting a
positive contribution of reverse slip to fatigue lifetime.

As previously discussed, the proportion of the stick state and the
magnitude of reverse slip are two independent variables, and the fatigue
lifetime of the dovetail joint structure is jointly influenced by both. To
better show their respective impacts on crack initiation lifetime, a
comparative analysis was conducted on dovetail joint models with joint
angles ranging from 35° to 70°, excluding cases exhibiting full stick
state. To more clearly illustrate the variation trends, the crack initiation
lifetime, proportion of the stick state, and magnitude of reverse slip were
evaluated and compared. The results obtained in Table 5 were
normalized, focusing on the relative trends rather than absolute values.
The comparative results are presented in Fig. 12.

Analysis reveals that the overall trend of crack initiation lifetime
closely aligns with the magnitude of reverse slip, suggesting that reverse
slip magnitude exerts a more pronounced influence on fatigue lifetime.
When reverse slip magnitudes are similar (e.g., 50° vs. 50°), the pro-
portion of the stick state also shows a measurable impact on crack
initiation lifetime. Regardless of which factor dominates, both variables
reach their extreme values at a joint angle of 50°, where the crack
initiation lifetime is also the highest. This leads to a clear conclusion:
shorter stick durations and greater reverse slip magnitudes are both
beneficial for extending the crack initiation lifetime of dovetail joint
structures.

5. Conclusions

This study is based on fretting fatigue experiments and FE simula-
tions of a flat-to-flat contact dovetail joint model, providing a systematic
analysis of its contact behaviour. Unlike previous studies that primarily
determined stick or slip states based on the shear stress distribution
under maximum load, this work is the first to investigate slip evolution
from both temporal and spatial perspectives. The contact behaviour
under varying joint angles was analysed in detail, and its influence on
crack initiation lifetime was further explored, the following conclusions
are drawn:

1. Contact behaviours varies with different loading stages. The contact
behaviour mainly includes three types: forward slip during loading

Table 5
Contact behaviour and crack initiation lifetime at different dovetail joint angles.
Joint Proportion of stick Magnitude of reverse Initiation
angle state slip lifetime
©) (%) (mm) (cycle)
20 100.00 0.00000 15140
30 100.00 0.00000 16150
35 41.18 0.02210 20524
40 39.71 0.02836 24971
45 38.24 0.03759 29409
50 37.75 0.04484 40657
55 38.83 0.04408 34901
60 39.71 0.00532 21224
70 45.67 0.00076 19765
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Fig. 12. Comparison of contact behaviour and initiation lifetime in different
dovetail joint models.

stage, stick during unloading stage, and reverse slip at the end of
unloading stage.

2. Spatially, most of the contact region shows a similar slip evolution
trend. The upper edge experiences early slip and then moves away
from contact surface, while the lower edge gradually enters the
contact region and evolves with the rest points of the contact region.

3. Whether slip occurs during the loading stage depends only on the
joint angle and is independent of the load magnitude. If the condition
tan 6 < u is satisfied, the model remains in a full stick state and slip
will not occur.

4. When the joint angle is between 20° and 45°, both the crack initia-
tion position and angle remain unchanged, with cracks initiating at
the upper edge of the contact region at an angle of approximately
89°. From 50° onward, both the initiation position and angle shift
progressively toward the centre of the contact region.

5. The crack initiation lifetime is jointly controlled by two independent
physical parameters: the proportion of the stick state and the reverse
slip amplitude. The study reveals that the duration of the stick state is
inversely proportional to the crack initiation lifetime, while the
reverse slip amplitude shows a positive correlation with the lifetime.
These findings provide valuable physical insights for developing
more accurate lifetime prediction methods and establish a solid
theoretical foundation for subsequent physics-based criteria for
crack initiation lifetime.

o

Future work

In future work, the authors will focus on developing a refined cri-
terion for predicting crack initiation lifetime in fretting fatigue, based on
a combined analysis of local stress distribution, stick-slip behaviour, and
cumulative frictional work. This approach aims to move beyond tradi-
tional stress-based methods by incorporating the temporal and spatial
evolution of slip zones together with the total energy dissipated at the
contact interface during cyclic loading. Frictional work, as a physically
grounded cumulative quantity, may offer improved predictive capa-
bility and better generality, particularly for application to more realistic
3D dovetail configurations. In this context, the use of a Lagrange contact
enforcement method will be considered, together with strategies to
retain high computational efficiency while relying on a more robust and
reliable contact algorithm. Furthermore, this framework has the po-
tential to be adapted for other types of joints involving fretting-prone
interfaces.

7. Limitations of the current study

Wear and oxidation are known to influence fretting fatigue behav-
iour through multiple mechanisms. Wear can modify the contact ge-
ometry and reduce stress concentration at the contact edge, which may
delay or suppress crack initiation under certain conditions. However,
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under higher displacement amplitudes, increased wear can also lead to
material removal and surface damage that promote fatigue crack for-
mation. Oxidation can either form protective tribolayers that reduce
damage or introduce brittle surface films that facilitate crack initiation,
depending on temperature and environment. Although not included in
the current model, these effects are important and will be considered in
future extensions. Meanwhile, the crack initiation angles and fatigue
lifetimes for different dovetail geometry angles have not been experi-
mentally validated, except for the 55° test.

Statement of novelty

Unlike previous studies that primarily assessed slip-stick states based
on static shear stress distributions, this work presents the first compre-
hensive investigation into their temporal and spatial evolution under
cyclic loading in dovetail joints. Through combined experiments and
simulations on a flat-to-flat contact model, three key contact stages are
identified and linked to crack initiation mechanisms. Notably, the study
quantifies the independent influence of stick proportion and reverse slip
magnitude on fatigue lifetime, offering a new understanding of how
joint geometry governs contact dynamics. This novel approach provides
deeper mechanistic insight and enhances the predictive accuracy of
fretting fatigue lifetime models for critical structural applications.
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