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Abstract This study is a contribution to various scientific researches on fracture
behavior of bolted joints. In our study, a three-dimensional finite element model
(3D-FEM) is developed to predict the mechanical behavior of bolted joints.
Fretting-fatigue tests and numerical simulations were conducted to study the effect
of the clamping torque on the fatigue behavior and failure mode of bolted
assemblies. The results obtained in numerical simulations are evaluated and
compared with experimental results. The numerical model showed the capacity to
simulate the behavior of the bolted assemblies under fatigue. Crack initiation
changed from the edge of the hole to close the edge of the contact zone. A good
correlation was found between the FEM simulations and the experimental results.
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1 Introduction

Fretting damage is considered an important failure mechanism for a variety of
mechanical components and assemblies. However, the analysis of practical fretting
problems entails significant difficulties related to the characterization of the con-
tact interactions [1-5]. Bolted joints in mechanical structures transmit a more
important effort in various applications. According to Valtinat et al. [6] bolted
joints have higher tensile and fatigue strengths than welded joints. The prediction
of fracture and the reliability of such assembly in various practical applications are
primordial given their impact on the economic plan and security. Fretting is caused
by the oscillating movement with small amplitude that may occur between con-
tacting surfaces subjected to vibration. The oscillations cause sliding to occur in a
small region at the edge of contact, while the center of contact remains stuck
together. The damage is related to cyclic loading and relative displacement at the
interface in such assemblies. The amplitude of relative displacement (slip) and
the contact forces (or contact pressure) are two significant factors, which control
the fretting fatigue behavior. Lee and Mall [7] investigated the variation of fretting
fatigue life with the increase of amplitude of relative displacement on Ti-6Al-4V
material. They postulated that the amplitude of relative displacement increases
from O to 50 pum (partial slip and mixed slip), the fretting fatigue life decreases. On
the other hand, the increase of relative displacement from 50 to more than 100 pm
(gross slip), induces the increase of fretting fatigue life. In the same context,
several studies [8—11] have been carried out to investigate the damage of contact
surface and the effect of fastening forces. All these authors observe that the fretting
fatigue life decreases with the increase of contact forces. It is well known that
stress distribution at the contact edge (i.e. the tangential stress and the compressive
stress) plays a dominant role in influencing fretting fatigue strength [12—14]. From
this point of view, in the previous study, a fretting fatigue strength prediction
method based on the tangential stress range compressive stress range diagram has
been developed and discussed for Ni-Cr-Mo-V steel [15]. Chakherlou et al. [16]
conducted fatigue tests and numerical simulation to study the effect of cold
expansion and bolt clamping on fretting fatigue behaviour of Al 2024-T3 in double
shear lap joints. The results reveal that significant changes on the fatigue behaviour
of the double shear lap joints at different load ranges. Depending on the degree of
cold expansion and clamping torque. The references cited above show some
contradictory tendencies of the fretting fatigue life. In service and under cyclic
loading, the relative displacement at the interface is inevitable for bolted assem-
blies, in addition the effect of clamping force on the stress concentration close to
the hole, the frictional stresses and the friction coefficient are not fully understood
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and represent a very active research field. This fact has led the authors to focus on
the current study, in order to contribute in this way. We recall also, that the present
study is an extension of previous studies [2]. Finite element analysis (FEA) is an
important tool to design a practical mechanical component, such as, for example,
pipelines. The three-dimensional finite element method 3D-FEM under consider-
ation of non-linear models can predict well the behaviour of bolted assemblies
(steel-aluminium) loaded in fatigue. Moreover, a number of the fatigue—fractured
sections of the specimens are studied to help identify the location of crack initi-
ation and also to examine the propagation regions.

2 Experimental and Numerical Model
2.1 Materials and Specimens

The details of the experimental fretting-fatigue test programme were previously
reported in [2] and are just briefly explained here. Aluminium alloy A6xxxx from
6.0 mm thickness and high strength low alloy steel (HSLA355) of 3.0 mm
thickness were used to produce (6.0 mm A6xxxx + 3.0 mm HSLA355) joints for
this investigation (Fig. 1) and the fretting fatigue test method is shown in Fig. 2,
full details of the test setup are given elsewhere [1, 2].

2.2 Finite Element Model

Fretting tests may be carried out in the partial slip regime. As highlighted by Hills
et al. [17], it is very difficult to achieve a well controlled experiment using an
external actuator due to the low displacement amplitudes. Although the relative
displacement cannot be easily measured and its value is required, an analysis of the
stress field at the process zone (contact zone) in partial slip regime. Finite element
analysis (FEA) is an important tool to design practical mechanical joints, such as
bolted assemblies. According to the dimensions of the structure, a three-dimen-
sional model was generated using the commercial software ANSYS' (ANSYS 11
[18]) in order to determine and to perform the analyses of the stress field at the
contact zone. The bolted assembly shown in Fig. 2 is symmetric in the longitudinal
direction (y-direction). So, a half model with symmetry conditions was used in the
finite element model in order to reduce the calculation time (Fig. 2a). Three-
dimensional brick elements (SOLID45) are used for modelling of the bolted
assembly. This element is defined by eight nodes and each having three degrees of
freedom. In addition, a surface-to-surface contact element, which consists of con-
tact elements (CONTAC173) and target surface elements (TARGE169), is used on
the interfaces between all connected parts of the bolted assembly in order to
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simulate numerically the contact problems. Friction between the contact surfaces at
the connection is modeled using the classical Coulomb model, where the friction
coefficient was set at 0.2. Various mesh schemes are tried to achieve convergence.
The optimized model has 14,752 nodes, 17,020 elements and 190 contact elements.
A two-step nonlinear analysis was performed in order to simulate the clamping
force numerically, in the first step, the preload (clamping force) was modelled as a
uniform negative pressure applied on the screw and a positive pressure applied over
aring of 10 mm inner radius and 16 mm outer radius, this ring represents the action
of the nut (Fig. 2b). This phase represents the joining of the bolted assembly. After
this operation, there is a relaxation of the tensile strain due to the deformability of
the pad and the plates under the clamping force action, on attaining equilibrium and
in the second step, this assembly was subjected to cyclic loading that generated a
multi-axial stress fields at the contact zone. The bolt shank had a clearance of 1 mm
due to the dimensional tolerance of the boltholes in the two plates (steel and
aluminum) and pad. In practice the plates and pad are tightened by a torque applied
to the bolts; this action was simulated by transferring the torque as axial strain in the
bolt shank during the assembly process. Although during cyclic loading there is a
possibility that the two plates or pad surface in boltholes could contact the surfaces
of the bolt shank. However, the clearance was considered large enough for this
action not to occur in order to simulate the fretting fatigue at position 1 and at
position 2. The theory of incremental plasticity is introduced to model the material
nonlinearity. The iterative Newton-Raphson method is used as an approach to solve
nonlinear equations by finite elements.

3 Results and Discussions
3.1 Validation of the Finite Element Model

The finite element model is validated on the basis of the compressive axial strain
measured by the strain gauges (SG1, SG2) glued at the pad during the fretting
fatigue test. After that, the numerical model is applied to evaluate the stress
distributions at the contact surface in bolted assemblies for various loading con-
dition. Figure 3 shows the compressive axial strain during the simulation of fret-
ting fatigue test under maximal cyclic loading equal to 70 MPa and a tightening
torque value of 6 daN.m. We noticed in this case that the compressive strain is
strongly concentrated at the interface between the pad and the aluminium plate.
This phenomenon can be explained by the fact of strain incompatibility at the
interface (position 1, see Fig. 1) and the frictional coefficient effect. Indeed, under
this condition and in position at the pad, the compressive strain measured by the
strain gauges (SG1, SG2) is 0.001085. At the same position, the compressive strain
is calculated numerically and its value equal to 0.000954. So it can be seen
according to Fig. 3 that the numerical results of the computational model are in
good agreement with experimental results.



192 A. Benhamena et al.

NODAL SOLUTION

STEP=1

SUB =28

TIME=1

EFELZ {AVG)
RSYS=0

DX =.122705
SMN =-.954E-03
SMX =-.218E-03

Fretting Pad

Position 1

/

Strain gauge
SG1

Fig. 3 Compressive strain at the pad under maximal cyclic loading F,,x = 12 KN and torque
6 daN.m

These results were confirmed by the compressive strain (experimental and the
numerical results) versus tightening torque presented in Fig. 4; this presents the
clamping force variation according to the tightening torque. In this figure we
observe that a linear trend was found between the compressive strains measured on
the pad as a function of torque (clamped force). This confirms that the material of
the pad remains in the elastic region, even for very high compression forces
(contact force higher). We note also a fairly good agreement between the
numerical and experimental results, this later establishing the confidence in the
results of the finite element modeling for bolted assemblies.

3.2 Numerical Results and Analysis

Figure 5 shows the stress distribution along the longitudinal direction of cyclic
loading (o) for this loading condition. We observe that the stress distribution is
not uniform; this is due to the anti-symmetry of various parameters: the loading
conditions, the geometry and the heterogeneity of the behavior of plates. We also
observe, on the one hand, that there is a high tensile local stress located at the head
of the bolt (o, = 435 MPa), this is due to the interaction of the stress field
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(tension-compression) in the contact surfaces at the interface between the steel
plate and the bolt head during sliding. On the other hand, a very high compressive
local stress (o, = 657 MPa) appears in the end of the contact areas between screw
and nut. This phenomenon corresponds to a situation that can sometimes appear in
such bolted assembly where the field constraint is not homogeneous in threaded
elements. These constraints are relatively higher and are located in the screw-nut,
which is reasonable when taking into account that these elements (screw and nut)
are considered as rigid bodies in the finite element model.

Figure 6 show the distribution of the oy stress component in the direction of the
cyclic loading for the aluminium plate only. We can see, that the most stressed
areas are located in the contact interface near at the connecting element. These
areas are located either at the interface between the pad and the aluminium plate
(position 1) or at the interface between the steel and aluminium plates (position 2).
We observe also a higher compression field located in position 1, while the
position 2 is under combined effect (tension and compression effect), the tension is
observed at the top of the connecting hole, i.e. at the side were the cyclic loading is
applied and the compression is observed at the bottom of the hole.

The explanation for this phenomenon is the following: in the tightening phase,
all contact surfaces in the aluminium plate are under compression. After the
application of the load (cyclic loading) in direction perpendicular to the plane of
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application of the clamping force, a frictional stress is produced at the interface of
the contact surfaces, in particular at the interface characterized by the position 2
(interface between the steel and aluminium plates). The presence of a large tensile
stress in this position (position 2), leads to the risk of crack initiation in favourable
directions at this position (position 2), while the existence of a compressive stress
in such position in the contact surface significantly reduces the risk of crack
initiation (for example at the near of the hole). We recall that the stress field of the
compression and the tension is related by several factors: the coefficient of friction,
sliding, sticking, secondary bending effect for this type of bolted assembly, geo-
metrical parameter, etc. According to our experimental results [2] and the obser-
vations of Wagle et al. [19] for a bolted assembly under cyclic loading, the level of
torque and the amplitude of the cyclic loading are two key variables which control
the fretting fatigue life and the wear mechanism in bolted assemblies under fati-
gue. So, the intensity and the distribution of the stress field at the contact surface
determine the risk of failure of bolted assemblies under fatigue.

3.2.1 Distribution of Stress at Position 1

Figure 7 shows the variation of the normal stresses (o, oy and ©,) and shear
stresses (Oyy, Oy, and Gy,) in Cartesian coordinates at the contact surface char-
acterized by the radius R and angle theta 0 (see Fig. 1) between aluminum plate
and pad (position 1). At the edge of the contact area (BC), for position charac-
terized by the angle 0 less than 90° (0 < 90°) along the (BC), all the normal
stresses (Gy, Oy and G,) are negative values and for position characterized by the
angle 0 greater than 90° (0 > 90°) the two components (o and Gy) are positive
and the component (c,) is zero. This phenomenon can be explained by the fact that
the aluminum plate is under complex loading (tension and compression) along the
(BC) contact zone between aluminum plate and pad (position 1). We also observe
that the value of shear stress (o4, Oy, and G,,) are very low values compared to
the value of the normal stresses, therefore the failure mode is governed by the
normal stresses. We note that the traction accelerates the risk of cracks in the
contact area, while the compression results in the inverse problem. Through a
comparison of the stresses evaluated along the edge of the central hole (BT) and
the edge of the contact area (BC), we find that the intensity of the stress field in BC
is higher than that in BT. Some stress component (G,) has significant negative
values at the edge of the hole (BT). This is clearly due to the magnitude of torque
which leads to produce an intense compressive stress field at the edge of the hole
(BT) and therefore eliminates the risk of crack initiation in the contact zone, in
particular at the edge of the hole (BT). It is obvious that the compressive stress
significantly reduced the crack initiation and hence increasing the lifetime of such
bolted assembly, while the traction accelerates the risk of the initiation of fatigue
crack. So it is necessary to identify the critical position in the contact surface
which leads to the failure of the bolted assembly from the analysis of the stress
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distribution at the interface between steel and aluminum plates (position 2) for
which we observed the tension and compression in the contact area (position 2).

3.2.2 Distribution of Stress at Position 2

It is necessary to demonstrate the capacity of the finite element model to predict
the characteristics of all the stresses at the interface in the contact surfaces for the
bolted assembly. This information is not easily accessible from the experience
especially in the interface between steel and aluminum plates (position 2).
The numerical analysis is an alternative method to provide additional information
for a better understanding for the case of bolted assemblies under fatigue. Figure 8
shows the evolution of each stress component in Cartesian coordinates at
the contact zone characterized by the radius R and angle theta 0 (see Fig. 1) at the
interface between steel and aluminum plates (position 2). Figure 8 shows that
the stress which triggers the initiation and propagation of the crack in the edge of
the contact area (BC) is important for those on the edge of the hole (BT) in
particular positions characterized by the angle 6 less 90° (8 < 90°) along the (BC).
We also observe that the constraint (c,) in the direction of tightening is higher at
the edge of the hole (BT) compared to the contact edge (BC). This is usually due to
the high pressure generated in the contact surfaces by the elements of assembly
(screw-nut) during clamping phase. The interaction between the tightening torque
and the level of cyclic loading will produce a friction phenomenon at the interface
of the contact surfaces which leads to cracking or degradation of the contact
surfaces under a fatigue stress. Therefore, the finite element model is considered
effective to predict the failure of the bolted joint. It is interesting to trace the
distribution of stress (oy) in the direction of cyclic loading as a function of angle 0
in the contact area (position 2) for different radius (R) in order to locate the point of
crack initiation at the contact area.

Figure 9 illustrates the stress in the direction of cyclic loading (o) as a function
of the angle 0 for three radius (R = 6.5, 8.0 and 12.5 mm). According to this
Fig. 9a, we can see that the curves had two well differentiated parts. Whatever the
radius in the contact area is (position 2), all constraints are negative for orientation
characterized by the angle 6 > 100°, which means that there is lower risk of crack
initiation in this portion at the contact surface. In positions between 0° < 6 < 43°,
the (o) stress increases gradually and finally reaches the maximum value for
positions close to an orientation 6 = 43° for each radius in the contact area.
Beyond this position (8 > 43°) the stress decreases to achieve the null value as
function of the angle 6 and the radius (R) in the contact area. We note that there is
a critical stress value corresponds to an orientation of 6 = 43° at the edge of the
contact zone characterized by the radius (R = 12.5 mm). We can therefore con-
clude that the initiation and the propagation of cracks in the interface between steel
and aluminum plates (position 2) is in a favorable orientation characterized by the
angle 6 = 43° relative to the direction of cyclic loading. These results lead us to
study the evolution of the stress according to the orientation (6 = 43°) for different
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radius in the contact zone and for a radius exceeding the limit of the contact area.
Figure 9b shows the evolution of the stress (Gy) at 0 = 43° as a function of radius
R. We note that the stress (o) increases significantly with the radius. The max-
imum value is achieved for a radius R varied between 8.0 and 12.5 mm
(8 < R < 12.5, where R = 12.5 is the radius of the edge of the contact surface at
the interface between steel-aluminum: position 2), after the stress decreases for a
higher radius (R > 12.5 mm: radius higher as the edge of the contact surface). So,
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our calculation at the interface steel-aluminum (position 2) has been limited to a
radius not exceeding a value of 12.5 mm (R < 12.5 mm) although the size of the
contact surface at the interface steel-aluminum (position 2) greatly exceeds the
size seen in the numerical calculation.



The Fretting Fatigue Behavior 199

(a) (b)
200 ; 160 1
[ = L]
o] BTNy 140+
vV '/J M \.i.\l\ [y i
N v 1 N i, © 120 4 Edge of the | Out of the
n‘_“ 0 4 1 * L % 1 contact zone \l contact zone
N .
= I . <100 , @0 1 ZC)
< 100 I RN > | —
\ 4
%) 0 = 43° N\ . 071 z-C "
> -200] \ 2 h —
o 4 ® 60 4
@ \ = 1
& -300] N Dol
—=—R=125mm e sl
-4004| —e—R=8.mm X 20%4.¢
—¥—R=65mm v ‘ —m— Stress Sy at theta = 43°
-5004+— : : : ; : ; 0 T T T T T
0 30 60 90 120 150 180 6 8 10 12 14 16
Angle Theta (degree) Radius R (mm)

Fig. 9 The distribution of stress cy : a in contact zone for various radius (position 2), b an
contact zone for angle 6 = 45° for various radius (position 2)

We can now say that the size of the contact surface between the two plates
(position 2) is strongly influenced by the intensity of the torque. For radius far
from the center of the bolt (R > 12.5 mm) there is displacement with no friction in
the contact surface. So, these surfaces at the interface of the plates are not in
contact then no charge transfer occurs in these areas. For radius varied between 5.5
and 12.5 mm (5.5 < R < 12.5, where R = 5.5 mm is the radius of the hole), there
are now two different conditions: adhesion (stick) and sliding (slip) in different
levels of cyclic loading.

3.2.3 Contact Status at Position 1

It has been observed through literature review [20, 21] that the fretting contact
zone is divided into two zones: adhesion zone (stick) and a sliding zone (slip). The
knowledge of these two areas in a contact problem is no longer possible with the
option of contact STATUS in ANSYS software. In addition, we recall also that
the cracking phenomenon of the fretting fatigue occurs in the transitional phase
stick-slip which is considered as the most critical phase according by many authors
[20-24]. Figure 10 illustrates the contact STATUS at the interface between the
pad and aluminum plate (position 1).

A first observation from the reading of this figure (Fig. 10) is that there are three
different zones: red zone, characterizes the adhesion (Stick) where you can not
connect the friction stress as a function of pressure according to Coulomb’s law;
orange zone, characterizes the slip where one can connect the friction stress as a
function of pressure according to Coulomb’s law; yellow zone, characterizes the
non-contact in position 1. A concentration of stress between the sticking and the
sliding zones which leads to the risk of crack initiation within the contact zone
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(position 1) in favorable positions. In conclusion, a transition from the sticking
contact to the sliding contact characterized by an angle 6 = 45°.

To pinpoint the favorable orientation of the risk of crack initiation at the
interface between the pad and aluminum plate (position 1), we present in Fig. 11
the evolution of the contact pressure, the friction stress and the sliding along the
two paths (BT and BC) in the contact zone (position 1).

From Fig. 11, a first note is that the friction stress in positions characterized by
the angle 6 above 90° is zero and for angles 6 < 90°, the friction stress increases
as function of angle 0 to reach their optimum value at angle 6 = 0° along the
contour B—C. The same trend is observed for the evolution of slip and contact
pressure, where the slip takes the maximum value at & = 0°. This indicates that the
risk of crack initiation takes place in this portion in the zone of contact (6 < 90°)
during loading. We recall that the sliding at the edge of the hole (B-T) is negligible
compared to the sliding at the edge of the contact zone (BC) due to the intensity of
torque during the clamping phase.

3.2.4 Contact Status at Position 2

As previously mentioned, the torque and the level of cyclic loading have a sig-
nificant effect on the distribution of contact STATUS (stick, slip and non-contact)
in the contact zone, in particular at the interface between steel and aluminum
plates (position 2).

Figure 12 presents the effect of the level of cyclic loading on the contact
STATUS for a torque value equal to 8 Nm (7 = 8 Nm). Three levels of cyclic
loading are considered: 0 % of the cyclic loading (0 % F) is only in the tightening
phase, 100 % of the cyclic load (100 % F = F,.x) is the maximum value of the
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cyclic load and 50 % of F.x corresponding to an average load (0 %
Frax < F <100 % F.x). The analysis of Fig. 12 shows that, whatever the level
of cyclic loading for this level of torque, the stick (adhesion) and slip zones were
observed for a radius less than 12.5 mm (R < 12.5 mm) in the contact zone
(position 2). For a radius greater than 12.5 mm (R > 12.5 mm), there is no-contact
at the interface between steel and aluminum plates. So, the adhesion and slip zones
completely disappear for R > 12.5 mm. We also see in this contact zone
(R < 12.5 mm) that the adhesion zone decreased with increasing of the level of
cyclic loading and her size decreases on 50 % of the maximum cyclic loading
(50 % Fax). So, the transition from sticking (adhesion) to sliding is the most
critical phase in fretting fatigue. Generally, the cracking occurs in this area.

One of the most important parameters which control the fretting fatigue life of
bolted assembly is the sliding at the interface of the contact surfaces (position 2).
Knowledge of the slip distribution is fundamental in the contact area in order to
locate precisely the site of crack initiation at the interface between steel and
aluminum plates (position 2). Figure 13 shows the distribution of slip for this
loading condition. From Fig. 13 we observe that the value of the slip is even more
important when approaching to the border of the contact zone (R — 12.5), par-
ticularly in positions characterized by the angle 0 less of 50° (6 < 50°) along the
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edge of the contact zone (BC). Therefore, through all the numerical results and
experimental observations [2] we can now consider that the risk of crack initiation
of any bolted assembly occurs in the edge of the contact zone (BC) in orientation
inclined at an angle 0 varied between 40 and 50° (40° < 6 < 50°) relative to the
direction of cyclic loading. The comparison between the experimental results and
the status of the contact (Fig. 10b) leads to the same conclusion.

4 Conclusions

The aim of this study was to analyze the effect of tightening torque on bolted
assemblies under fretting fatigue condition. From these experimental and
numerical results, we can deduce the following conclusions:

e The developed finite element modelling approach to simulate clamping force
(tightening torque) in the bolt of such bolted assembly was validated against
the experimental results.

e The size of the adhesion and slip zones in the contact zone is related at the
magnitude of tightening torque.

e Crack initiation changes from the edge of the hole to close the edge of contact
zone.

e The magnitude of the clamping torque and the level of cyclic loading determine
the mode failure of bolted assemblies.

e The crack initiation will be transferred to the edge of the contact zone at the
interface between steel and aluminium plates (position 2) in a plane inclined at
an angle 0 varied between 40 and 50° relative to the sliding direction.
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