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Abstract

Existing research on the competitive failure relationship, failure mechanism, and influencing factors of bolt loosening
and fatigue under different preloads is insufficient. This study analyzes the competitive failure relationship between
bolt loosening and fatigue under composite excitation through competitive failure tests of bolt loosening and fatigue
under different preloads. The results indicated that the failure mode of the bolt is only related to the load ratio (R) and
is unrelated to the initial preload and excitation amplitude, which only determine the failure life of the bolt. The small
axial loads of composite excitation can restrain bolt failure, and the significant degree of this restraining effect is differ-
ent for different preloads. Subsequently, a fracture analysis of the bolt was performed to verify the competitive failure
relationship of the bolt from a microscopic perspective, and the competitive failure mechanism of the bolt was deter-
mined. Based on the findings, we propose a calculation equation for the optimal preload of 8.8 grade high-strength

bolts that can serve as a reference for engineering applications.
Keywords: Bolt, Preload, Loosening, Fatigue, Competitive failure

1 Introduction

A bolt is a standardized part that is widely used in rail
vehicles, aircraft, chemical machinery, automobiles,
ships, and other industrial equipment owing to its sim-
ple structure, easy disassembly, reliability, and numerous
other advantages. The main function of a bolt is to relia-
bly connect two or more components. In pressure vessels
and related equipment, bolts are combined with sealing
washers to improve the effectiveness of the seal, which
requires the application of preloads on the bolted con-
nection [1]. In complex working environments, bolted
connections can be subjected to impact, vibrations,
thermal stress cycles, and other loads. This can gradu-
ally reduce the preload, and the bolt can become loose.
Although the normal operation of the system may not
be affected during the initial stages of loosening, as the
preload continues to decrease, the loosening intensifies,
further reducing the overall stiffness of the entire bolted
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connection system and resulting in bolt fracture. In addi-
tion, when bolted connections are subjected to large
axial loads, direct fatigue fracture can also occur without
loosening.

The primary factors that affect bolt loosening are the
initial bolt preload, action mode of the working load,
parameters of the bolt structure, working environment
temperature, material of the clamped parts, and con-
tact state [2]. The primary factors that affect bolt fatigue
include the bolt initial preload, external load, bolt mate-
rial, processing method, heat treatment procedure, etc.
Thus, the preload is an important factor that affects
bolt loosening and fatigue failure. Considering external
loads, transverse loads perpendicular to the screw direc-
tion are the primary factor of bolt loosening [3], whereas
axial loads along the screw direction are the primary
factor of bolt fatigue [4]. Furthermore, as the service
time of the bolted connection structure increases, the
preload decreases to a certain extent, which can lead to
bolt loosening and fatigue. In extreme cases, it can also
cause major accidents such as bolt fracture and structural
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disintegration. Therefore, bolt loosening and fatigue fail-
ure under different preloads must be studied in detail.

The preload exerted on a bolt during the tightening
process directly determines the clamping force between
the two clamped parts. Insufficient preloading can lead to
bolt loosening, whereas excessive preloading can lead to
bolt overload fractures. Therefore, while designing bolted
joints, the required tightening torque must be accurately
analyzed, and the appropriate preload must be precisely
determined to prevent loosening and enhance the relia-
bility of bolted connections. The following preload appli-
cation methods are generally used during a bolt assembly
process [5]:

(1) Torque control method
(2) Turn-of-the-nut method
(3) Nut rotating method

(4) Stretching method

(5) Bolt tightening method

The torque control method is the most widely used
method for engineering applications. The calculated
torque value is often based on the yield point, such that
the bolt preload is close to the yield strength of the bolt
material, but does not exceed 80% of the material yield
limit considering the safety factor. The yield strengths of
bolts vary based on the material of the bolt, and conse-
quently, the maximum preload varies as well. During the
bolt tightening process, the clamping force between the
clamped parts increases rapidly with the increase in the
bolt preload. When the bolt reaches the yield point, it
undergoes plastic deformation. At this stage, the clamp-
ing force increases negligibly or remains unchanged. If
the preload continues to increase further, the clamp-
ing force gradually decreases until the bolt fractures [6].
Under high preloads and alternating loads, high-strength
bolts often experience fatigue fracture [7]. Consequently,
the loosening life and fatigue strength of bolts must be
investigated considering different preloads.

Several studies have been conducted to determine the
influence of preloads on bolt loosening. The studies are
mainly manifested in the loosening process, simulation
method and influence law. Experts and scholars have
made a lot of contributions in the study of the dividing
method of loosening process. For example, Wang et al.
[8] divided the bolt loosening process into two stages.
During the early loosening stage, the initial preload
gradually relaxes due to the periodic plastic deformation
of the material, but the nut does not rotate; the second
loosening stage is characterized by the obvious recession
of the nut and the rapid recession of the clamping force.
Furthermore, Jiang et al. [9] revealed that a nut rota-
tion angle of 0.5° acts as the boundary between the two
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stages. Although many dividing methods are proposed,
there is no explicit and unified method for the dividing
of each stage of the recession curve of the bolt clamping
force. In terms of the finite element simulation of bolt
loosening, Ke [10] and Wang [11] proposed a finite ele-
ment simulation analysis method to study the loosen-
ing of bolted connection structures by applying preloads
using the rotation angle method. The proposed method
can be used to carry out multi-stage and whole-process
finite element simulation analyses of the loosening of
bolted connection structures under transverse vibra-
tions. Lu [12] established a three-dimensional solid finite
element model of a bolted connection structure consid-
ering different preloads and contacts and calculated the
stress distribution of the bolts under different preloads.
The results revealed that the structural loosening char-
acteristic decreases with the increase in the bolt preload.
Gong et al. [13] proposed a simulation method to quan-
titatively determine the critical load of transverse loos-
ening. He determined that the anti-loosening ability of
a bolted connection can be improved by increasing the
preload and friction coefficient and reducing the clamp-
ing length and fit tolerance. It can be seen that the simu-
lation of bolt loosening and the application of preload are
relatively mature enough to meet the needs of engineer-
ing design or verification. In the study of the influence
of preload on bolt loosening, Zheng et al. [14] studied
the loosening response of threaded connections under a
series of impact loads using the Hopkinson bar test and
established a relationship between the change in the
preload and the loosening swing angle of the nut. San-
clemente et al. [15] performed bolt loosening tests under
transverse loads and found that the preload and elasticity
of the fasteners are the main factors that affect bolt loos-
ening. Furthermore, he established a statistical model to
predict the degree of bolt loosening, and concluded that
a high preload and low elastic modulus can reduce the
rate of loosening. Zhang [16] analyzed the influences of
the preload, lateral amplitude, and vibration frequency
on bolt loosening, and determined an optimal combina-
tion of these three parameters using the orthogonal test
method. Zhang et al. [17] observed that bolt self-loosen-
ing occurs even when the nut does not rotate owing to
fretting wear at the thread surfaces. He proposed that
increasing the bolt preload can reduce the relative slid-
ing between the bolt and the nut thread, thereby reduc-
ing thread wear and improving the anti-loosening ability
of bolted joints. Wang [18] observed that the larger the
amplitude of the impact load, the higher the likelihood
of bolt loosening. In addition, he determined that for a
certain range of initial preloads and friction coefficients
between the engagement surfaces of the thread, bolt
loosening is less likely to occur. He et al. [19] investigated
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the variation in the bolt preload and the variation in the
preload and rotating looseness of the nut under alternat-
ing transverse loads. In addition, Hou et al. [20] numeri-
cally simulated the loosening behavior of bolts during
the early loosening stage and revealed that the preload,
load amplitude, and friction coefficient have a significant
influence on the degree of reduction in the thread ten-
sioning force during the material loosening period. It can
be seen that experts and scholars have made great contri-
butions to the influence law of preload on bolt loosening
failure, but the research on the influence law of preload
on bolt loosening under composite excitation is still
insufficient.

The “VDI 2230-2003” standard [21] and “Mechanical
Design Manual” [22, 23] are commonly used to evalu-
ate the fatigue life of bolts, and both standards consider
the influence of the preload on bolt fatigue. In addition,
as bolts are widely used in engineering applications,
finite element analyses and the “VDI 2230-2003” stand-
ard are often combined to evaluate bolts. Bolts are usu-
ally simplified as BEAM unit elements; the forces and
moments on the BEAM unit elements can be extracted
from the simulation results, and subsequently, the fatigue
strength of the bolts can be conveniently calculated
using the “VDI 2230-2003” standard checking program.
Shi [24] performed fatigue tests on bolted connection
structures using different preloads, and obtained a rela-
tionship between preload and bolt fatigue life. He also
determined the optimal pre-tightening torque range for
high-strength bolts. Zhai [25] found that an appropriate
increase in the preload can increase the average stress of
the bolt and reduce the stress amplitude. Juoksukangas
et al. [26] developed a test device to analyze the influence
of preloads and cyclic loading on the fatigue life of a sin-
gle bolted joint. He observed that the fretting fatigue life
decreased with the increase in the preload and stress, and
verified the test results using a numerical analysis. Song
et al. [27] studied the fatigue performance of bolts con-
sidering preloads of 10%, 30%, and 50% of the ultimate
strength of the bolt material, and plotted curves for the
maximum preload and pre-tightening torque of 8.8 grade
M8 and M27 bolts with different stress ratios. Tang et al.
[28] revealed that an insufficient initial preload short-
ens the fatigue life of bolts, and sufficient preloading is
required to ensure the fatigue performance of bolted con-
nections. However, an excessive initial preload can cause
tensile deformation of the bolt and can affect its usabil-
ity. Therefore, preloads have a significant influence on
the fatigue strength of bolts, and an appropriate preload
must be selected based on engineering requirements.

The existing research has made significant contributions
to improve the understanding of the influencing factors
of bolt loosening and fatigue, failure evaluation methods,
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simulation methods, preload application methods, and the
influence of preloads. However, bolt loosening and fatigue
are not independent processes, and a competitive failure
relationship exists between them depending on the actions
of different loads. Bolts under transverse loads primarily
exhibit loosening failure, whereas bolts under axial loads
primarily exhibit fatigue failure. Furthermore, transverse
loads accelerate bolt fatigue and axial loads affect bolt loos-
ening. However, existing research on the competitive fail-
ure relationship and failure mechanism of bolt loosening
and fatigue under different preloads is insufficient. There-
fore, the competitive failure relationship and the influence
of preloads on competitive failure under composite excita-
tion must be studied to better predict the failure mode and
failure life of bolted joints.

In this study, we perform competitive failure tests of bolt
loosening and fatigue under different preloads, and inves-
tigate the competitive relationship between loosening and
fatigue failure under composite excitation, as well as the
influence of preloads on competitive failure. The com-
petitive failure phenomenon of bolt loosening and fatigue
under composite excitation is verified, and the influence
parameter that determines the competitive failure mode
and failure life of the bolt is determined. Subsequently, the
influence of preloads on the competitive failure of bolts is
analyzed. Finally, we propose an equation to calculate the
optimal preload of 8.8 grade high-strength bolts, which can
serve as a reference for engineering applications.

2 Competitive Failure Test of Bolts under Different
Preloads

Competitive failure tests were performed on bolts under
composite excitation using an MTS tensile torsion fatigue
testing machine. The axial load on the bolt was directly
applied by the testing machine, and the transverse load
on the bolt was applied by converting the torque gener-
ated by the testing machine to a shear force using a fix-
ture. The test specimens were 8.8 grade M8x1.25x70
high-strength bolts, and the clamping force was recorded
by a pressure sensor. The testing machine and test setup
of the specimens are shown in Figure 1. The transverse
and axial loads were applied sinusoidally with a phase
difference of 90°. The transverse load was controlled by
displacement, and the load ratio () was —1. The axial
load was controlled by force, and the load ratio (£,) was
0. For practical engineering applications, the bolt preload
is typically calculated using Eq. (1):

F = kosAeg, (1)

where k is the coefficient of the yield strength, o; is the
yield strength of the bolt material, and A.g is the effective
cross-sectional area of the bolt; Aeg = nd? /4, where d, is
the effective diameter of the bolt.
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Figure 1 Test setup with fatigue testing machine and specimen

Generally, the initial pre-tightening stress of a bolt
should not exceed 80% of its yield strength [29]. There-
fore, in this study, the initial preloads of the bolts were
divided into four grades, and the coefficient k of the yield
strength was set to 0.3, 0.4, 0.5, and 0.6, respectively.
Using Eq. (1), the preloads were calculated as F,;=7.03
kN, F,,=9.37 kN, Fy;=11.71 kN, and F,,=14.05 kN,
respectively. The composite excitation combinations of
the bolts with different preloads are shown in Table 1.
The fracture modes of the specimens subjected to the
competitive failure test are shown in Figure 2. The bolts
were either fractured at the first of the bolt working
threads or at the transition filet along the bolt head. Frac-
ture failure is most likely to occur at these two positions
due to the stress concentration at these positions, and
the fact that the composite stress is the highest at these
two cross-sections as they are the interfaces at which the
bolts contact the clamped parts. In addition, two failure
modes were observed for the bolt specimens: loosening
failure and fatigue failure, and the fracture mode is not
unique. This demonstrates that a competitive relation-
ship exists between the two failure modes depending on
the different load forms.

3 Analysis of Bolt Competitive Failure

3.1 Recession Curve of Clamping Force

The recession curves of the bolt clamping force under
composite excitation are continuous and decrease
smoothly. In general, the curve can be divided into three
stages: the material loosening period, the structural loos-
ening period, and the fatigue fracture period [30]. During
the material loosening period, the plastic deformation of
the bolt material rapidly reduces the bolt clamping force;
during the structural loosening period, the relative move-
ment between the internal and external thread contact
surfaces of the bolt causes the nut to rotate, which slowly
reduces the bolt clamping force; finally, during the fatigue
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Table 1 Composite excitation under different preloads

Preload F1a(mm) Fpa (kN) R (mm/kN) Number
of valid
specimens

Fos 0.5 10 0.05 3

0.6 0 - 4
0.6 2 03 3
0.6 3 0.2 3
0.6 4 0.15 4
0.6 6 0.1 3
0.6 8 0.075 3
0.6 10 0.06 3
0.8 8 0.1 3
0.8 10 0.08 3
Fou 05 10 0.05 2
0.6 0 - 2
0.6 2 03 3
0.6 3 0.2 2
0.6 4 0.15 2
0.6 6 0.1 2
0.6 8 0.075 3
0.6 10 0.06 3
0.8 8 0.1 2
0.8 10 0.08 3
1.0 10 0.1 3
Fos 0.5 10 0.05 3
0.6 0 - 4
0.6 2 03 4
0.6 3 0.2 3
0.6 4 0.15 5
0.6 6 0.1 3
0.6 8 0.075 4
0.6 10 0.06 4
0.8 8 0.1 3
0.8 10 0.08 3
Foe 0.5 8 0.0625 3
0.6 0 - 2
0.6 2 03 5
0.6 4 0.15 5
0.6 6 0.1 3
0.6 8 0.075 3
0.6 10 0.06 3
0.8 8 0.1 3
0.8 10 0.08 3

Note: Fr, is the transverse displacement amplitude, F, , is the axial load
amplitude, and R is the ratio of the transverse load to the axial load, R = Fy,/Fp ,

fracture period, the bolt cracks and expands, resulting
in an instantaneous fracture of the bolt, and the clamp-
ing force reduces to zero. Notably, an explicit and unified
dividing method to determine the dividing points of each
stage of the recession curve of the bolt clamping force
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Figure 2 Fracture modes of bolt specimens

has not been established in previous studies, and the
determinant condition of bolt loosening and fatigue has
also remained undefined.

Since the load applied to the bolt is sinusoidal, the
clamping force of the bolt is fluctuating, and the reces-
sion curve of bolt clamping force is a load broadband. In
order to obtain the dividing point between the structural
loosening period and the fatigue fracture period, we pro-
pose to use the tangent point between the mean curve of
the clamping force broadband and the tangent line with
a specific angle as the dividing point. Based on a statis-
tical analysis of the bolt clamping force recession curves
obtained herein, we found that when the tangent angle
changes from 0° to 90°, 45° is the best angle, so the tan-
gent point of the the mean curve of the clamping force
broadband with a 45° tangent can serve as the dividing
point between the structural loosening period and the
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fatigue fracture period (denoted by N, 4, k = 0.3, 0.4, 0.5,
and 0.6). This tangent point is unique. The bolt clearly
demonstrates structural loosening before the tangent
point, and fatigue fracture after the tangent point, which
proves the correctness of the method. Moreover, Jiang
et al. [9] believed that for high-strength bolts with hard
material, the clamping force was reduced to about 90 %
of the initial preload when the bolt entered the struc-
tural loosening period, but this definition was conserva-
tive. Jiang et al. [31] took the moment when the clamping
force was reduced to about 70% of the initial preload as
the standard for full loosening of high-strength bolts,
which was dangerous. We find that for high-strength
bolts, when the clamping force of the bolt was reduced
to 80% of the initial preload, the bolt fully entered the
structural loosening period; therefore, the clamping
force can be used to determine whether there is signifi-
cant bolt loosening. If the bolt clamping force reduces to
80% of the initial preload during the structural loosening
period (denoted by N ), i.e., N|_; <N, 4, the bolt under-
goes loosening failure; if the bolt clamping force does not
reduce to 80% of the initial preload until the fatigue frac-
ture period (denoted by N¢ ;), i.e., Ng ; > N, 4, the bolt
undergoes fatigue failure.

The recession curves of the bolt clamping force with
R=0.15 mm/kN and R = 0.06 mm/kN were obtained as
shown in Figure 3 (0.6—4 means that the transverse dis-
placement amplitude is 0.6 mm and the axial load ampli-
tude is 4 kN, and 0.6-10 is also defined in the same way).
As shown, under different initial preloads, when R=0.15
mm/kN, all the recession curves satisfy the condition
N i <N, j i.e., the bolts undergo loosening failure; when
R=0.06 mm/kN, all the recession curves satisfy the con-
dition N ; > N, 4, i.e,, the bolts undergo fatigue failure.
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18 ——k=0.4,0.6-10
=16 ——k=0.5,0.6-10
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Figure 3 Recession curves of bolt clamping force under different preloads: a R = 0.15 mm/kN, b R = 0.06 mm/kN
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Furthermore, the failure life of the bolt first increases and
then decreases with the increase in the initial preload at
the same R, and the failure life of the bolt differs with the
same transverse load but different axial loads. Therefore,
the failure life of a bolt is determined by the load ampli-
tude and the preload, and the optimal preload of 8.8
grade M8 x 1.25 x 70 high-strength bolts for the longest
life is Fy 5.

3.2 Influence Law of Load Ratio

To further study the influence of R on the competitive
bolt failure mode according to the criterion established
in Figure 3, the failure modes of the of all the bolt speci-
mens listed in Table 1 were distinguished, and the failure
mode of each bolt specimen was obtained. To intuitively
visualize the failure modes of the bolts, the R—significant
degree of failure curves under different preloads were
plotted, as shown in Figure 4(a) (as the bolts undergo
loosening failure when R > 0.15 mm/kN, they are not
shown in the figure); S; represents the significant degree
of bolt loosening failure and S; represents the significant
degree of bolt fatigue failure. S; and Sp were calculated
using the following equations:

Ny — N,
Sp = 100%—2% "tk ©)
2k
Ny, — Ng
Sp = 100%%. 3)
k

Based on Figure 4(a), it can be concluded that when R <
0.06 mm/kN, the bolts undergo fatigue failure, and when
R > 0.08 mm/kN, the bolts undergo loosening failure.
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Therefore, there is a clear competitive failure relationship
between the two failure modes under composite excita-
tion, and a critical value of R exists for bolt loosening fail-
ure and fatigue failure. When the ratio of the transverse
load to the axial load is higher than the critical value of R,
bolt loosening failure occurs, and when it is less than the
critical value of R, bolt fatigue failure occurs. This implies
that the critical R value is an inherent property of the
bolt that is related to the bolt material, size, and assembly
method, but is unrelated to the magnitude of the load. In
addition, due to the large preload when k=0.6, the bolt is
prone to local plastic deformation, which makes the data
dispersion of loosening failure relatively large and makes
the curve fluctuate significantly. Furthermore, Figure 4(a)
shows that when the numerical value of R is around 0.075
mm/kN, the bolt reaches a critical state of loosening
and fatigue, and S; and Sp tend toward zero. Therefore,
the critical R value of loosening and fatigue failure of 8.8
grade M8 x 1.25 x 70 high-strength bolts under com-
posite excitation is 0.075 mm/kN. In addition, the R—sig-
nificant degree of failure curves under different preloads
have the same failure regularity, which proves that the
failure mode of the bolt is only determined by R and is
unaffected by the initial preload. Thus, the failure mode
of bolts subjected to composite excitation can be directly
predicted based on the critical R value.

The R-life curves under different preloads are shown
in Figure 4(b). As shown, the failure life of the bolt first
increases significantly, and then gradually decreases with
the increase in R under composite excitation (except
when the axial load is zero). When the transverse load
is constant, the axial load gradually decreases with the
increase in R. Conversely, as the axial load increases,
the failure life of the bolt first increases slowly and then

~ 304
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o —sa—k=04
—a—k=03 —A—k=0.5
201 —e—k=04 ™ ——k=0.6
—e—k=0.5 ES
—A—k=0.6 2
1=
10 &
©
)
<
53
>
O T T T T T T T T <
0.02 0.04 , 0.0 .08 0.10 0.12 0.14 0.16 R (mm/kN) 10%-
A
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A R (mm/kN)
Figure 4 Influence curves of R under different preloads: a R-significant degree of failure curves, b R-life curves (F;, = 0.6 mm)
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decreases rapidly. This indicates that a small axial load
restrains bolt failure; when the axial load exceeds a cer-
tain value, the large composite stress of the bolt under
composite excitation causes a large plastic deformation
in the thread, which reduces the fatigue life of the bolt.
The force diagrams of the bolt thread surface under com-
posite excitation are shown in Figure 5 (F is the initial
preload of the bolt, F; is the external transverse excita-
tion, Fg, is the axial excitation of the bolt, a is the helix
angle, y, is the static friction coefficient, and g, is the
sliding friction coefficient). According to Junker’s oblique
block model [3], when the bolt is not subjected to an
external load, although the block has a tendency to slide
downward, the inclined plane and the block remain in a
static state, i.e., the bolt thread is in a self-locking state,
because the downward force Fisina along the inclined
plane is less than the static friction force y,F cosa. When
the bolt is only subjected to an external transverse exci-
tation Frp, relative sliding motion occurs between the
inclined plane and the block, and the friction between
them changes from static friction to sliding friction. As
the sliding friction force p,F,cosa is less than y,F,cosa,
the self-locking state of the thread is broken and the
block begins to slide downward, i.e., the internal and
external threads of the bolt move relative to each other,
and the bolt becomes loose. When the bolt is affected by
composite excitation, the axial load of the bolt increases
and becomes the resultant force of F and Fg,, the down-
ward force along the inclined plane becomes (Fi+Fg,)
sina, and the static friction force becomes u;(F+Fs,)
cosa. The transverse excitation Fp leads to transverse
sliding between the thread contact surfaces; however,
owing to the increase in the positive pressure on the
inclined plane and the block contact surfaces, the sliding
friction force p,(F +Fgy)cosa is higher than (Fi+Fg,)sina
within a certain range. Consequently, no relative move-
ment occurs between the thread contact surfaces, and
the bolt does not become loose. Therefore, to a certain
extent, small axial loads can restrain bolt failure; how-
ever, when the axial load increases, the large composite
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tensile and shear stress causes a large plastic deformation
in the thread surfaces, and the large axial load accelerates
bolt failure, thereby reducing the fatigue life of the bolt.

3.3 Load-life Curves

The load-life curves of the bolts subjected to compos-
ite excitation were plotted as shown in Figure 6(a) (the
ordinate is a logarithmic coordinate). As shown, when
the transverse load is constant, the axial load-life curves
do not decrease monotonously. At small axial loads, the
failure life of some bolts is longer than that under pure
transverse loads. Therefore, axial loads do not acceler-
ate the failure of the bolt. The above analyses prove that
small axial loads can restrain bolt failure. As shown in
Figure 6(b), at different initial preloads, the significant
degree of the restraining effect of small axial loads on
bolt failure varies. When the preloads are small (k=0.3,
0.4, 0.5), except for some singular data points, the axial
loads generally accelerate the bolt failure, but when the
preloads are large (k=0.6), the small axial loads restrain
the bolt failure. This is because under composite excita-
tion, the downward force along the thread is (Fi+Fg,)
sina, the transverse static friction force is y,(F,+F,)cosa,
and the transverse sliding friction force is y,(F+F,)cosa.
When F; decreases, the positive pressure on the thread
and the transverse static friction force decrease. If Fy is
higher than y,(F,+F,)cosa, transverse relative movement
occurs between the thread surfaces, and the upward fric-
tion along the thread surface changes from u,(F +F,)
cosa to py(Fi+Fy)cosa. As p,(F+F,)cosa cannot offset
the downward force (Fi+Fg,)sina along the thread sur-
face, the bolt becomes loose and the failure process of the
bolt accelerates. Thus, when the preload is large, the axial
load can restrain the bolt failure to some extent; when
the preload is small, the clamping load tends to zero, the
thread contact surfaces experience a downward relative
movement, and the axial load can no longer restrain the
bolt failure. In addition, Figure 6(a) also indicates that the
average failure life of a bolt is affected by both the exter-
nal load and the initial preload, and the load-life curve

F
Bolt ' * Fsa
T F
[TIT] TFa F
‘ +Fr
——— . .

Clamping parts< I (FyH+Fgp)sino

| (FtFgp)cosa

*F A +Fr

| )

Figure 5 Schematic diagram of force on thread surface
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Figure 6 Load-life curves (fr, = 0.6 mm): a load-life curves, b significant degree of axial load restraining or accelerating bolt failure

with k=0.5 is the highest. This further proves that the
failure life of a bolt is determined by the load amplitude
and the preload, and the optimal preload for 8.8 grade
M8x1.25x70 high-strength bolts is F .

4 Fracture Analysis

The crack propagation law of bolt fracture under com-
posite excitation and the influence of the initial preload
on cracks were analyzed herein. A JSM-6610LV scanning
electron microscope was used to observe the fracture
surfaces of bolts fractured under composite excitation
(0.6 mm—4 kN) with different preloads. The macroscopic
fracture morphology is shown in Figure 7. The typical
fatigue fractures can be divided into three areas based
on their morphological characteristics, namely, the crack
source area, the crack propagation area, and the instanta-
neous fracture area [32]. During the crack initiation stage,
the shear stress plays a leading role in crack formation,
and cracks form along the maximum shear strain plane.
Once the cracks form, the normal stress begins to domi-
nate, and the cracks expand along the depth and sides
under the cyclic action of the normal stress. As shown
in Figure 7, the bolt fracture also has a crack source area

(a), a crack propagation area (b), and an instantaneous
fracture area (c). From a macroscopic viewpoint, the
composite stress at the two contact interfaces between
the bolt and clamped parts is the highest; the stress con-
centration leads to fatigue damage accumulation at these
two interfaces, which eventually causes bolt fracture.
From a microscopic viewpoint, the bolt crack source is
generated due to shear stress, whereas the normal stress
increases the crack expansion, leading to bolt fracture. As
the transverse load of the composite excitation generates
shear stress and the stress ratio is —1, the crack source is
symmetrically distributed on both sides of the bolt frac-
ture. Multiple cracks are initiated on the circumferential
surface of the bolt that propagate radially to the interior,
forming a typical multi-crack initiation failure. The axial
load generates normal stress and the stress ratio is zero;
consequently, the bolt is always in a tensile state. There-
fore, once a crack has formed, it steadily expands along
the depth and sides under the cyclic action of the normal
stress. Eventually, it breaks instantaneously in the middle
of the fracture and produces an instantaneous fracture
area. The crack propagation area is located between the
crack source area and the instantaneous fracture area.

Figure 7 Macro morphology of bolt fracture
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Owing to the different initial preloads of the bolts,
the three fracture areas also have several differences.
With large preloads, the crack propagation speeds on
both sides are similar. The instantaneous fracture area is
closer to the center of the bolt fracture, the area is wide,
and the fracture step is not pronounced. As the preload
decreases, there is a significant difference in the crack
propagation speed on either side. The instantaneous frac-
ture area gradually moves to one side and narrows, and
the fracture step becomes pronounced. This is because
under transverse loads, multiple cracks occur on both
sides of the circumferential surface of the bolt and prop-
agate along the depth and sides owing to the axial load.
Large preloads can offset the external axial loads, ensur-
ing that the clamping force is always greater than zero,
the bolt always experiences normal stress, and the stress
is symmetrically distributed on both sides of the fracture.
Therefore, the crack propagation speed on either side of
the fracture is essentially equal, and the instantaneous
fracture area is close to the center of the bolt fracture.
However, small preloads cannot offset the axial load, and
the clamping force can eventually become zero. When
the normal stress varies between zero and a positive
value, the crack propagation speed on one side becomes
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faster than that on the other side due to the thread helix
angle, leading to a gradual change in the tensile area of
the bolt and the eccentricity of the axial load. Therefore,
the crack propagation speed on the side with the faster
propagation is further accelerated until fracture. Owing
to the superposition of the eccentric load and helix angle,
the step of the bolt fracture becomes more pronounced,
and the instantaneous fracture area becomes inclined
towards one side when the preload is small. In addition,
as a larger preload contributes to a larger axial load, when
the crack propagates to a shallow depth, the remaining
adhesion area breaks due to the higher normal stress.
Conversely, when the preload is smaller, the normal
stress is lower, and the broken adhesion area is also cor-
respondingly smaller. Thus, as the preload increases, the
width of the instantaneous fracture area also increases.
The crack source area (a), crack propagation area (b),
and instantaneous fracture area (c) of the bolt fracture
surface were further enlarged, and their micromor-
phology was observed, as shown in Figure 8. As shown
in Figure 8(a), several radial fiber stripes in the crack
propagation area gather in the crack source area, form-
ing multiple radial propagation cracks. Consequently,
the fracture is a typical multi-crack initiation failure.

Figure 8 Microscopic morphology of bolt fracture: a crack source area, b crack propagation area, ¢ instantaneous fracture area

SEI 15KV
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With small preloads, the crack source area is relatively
flat and bright, the fracture surface is significantly worn,
the ridge morphology is not pronounced, and the sur-
face has a porcelain-like structure. This is because when
the preload is small, the resultant forces of F and Fg,
on the bolt are small, the normal stress is low, and the
shear stress generated by the transverse load F; domi-
nates. Due to the shear stress, the fracture is repeatedly
scratched and worn, and the crack source area becomes
relatively smooth and has a porcelain-like structure. As
the preload increases, the normal stress also increases,
which restrains the scratch and wear effect of the shear
stress. Consequently, the crack source area becomes
rough and a ridge morphology gradually appears. The
crack propagation areas are shown in Figure 8(b). As
shown, the smoothness and flatness of the crack propa-
gation areas vary with the preload. When the preload is
large, the normal stress is high, which restrains the fric-
tion and wear effect of the shear stress. Consequently, the
crack propagation area is rough, and the fatigue striations
and white ligaments are finer and clearer. In contrast,
when the preload is small, the crack propagation area
is characterized by smooth flakes owing to the abrasion
and wear effect of the shear stress. The instantaneous
fracture area is shown in Figure 8(c). As shown, a large
number of loose dimples are present. When the preload
is large, the normal stress restrains the friction and wear
effect of the shear stress, and the dimples in the instan-
taneous fracture area become larger, deeper, and irregu-
lar, forming typical equiaxed dimples. When the preload
is small, these dimples become smaller, shallower, and
more regular owing to the friction and wear effect of the
shear stress, forming typical shear dimples. In summary,
the microstructure of the bolt fracture reveals that bolt
fracture is affected by composite excitation and preload.
Owing to the different dominant effects of the normal
stress and shear stress, the macroscopic fracture mor-
phology differs significantly, which further proves that
a competitive relationship exists between bolt loosen-
ing failure and fatigue failure, and that the axial load has
restraining effect on bolt failure to some extent.

5 Conclusions

(1) An obvious competitive failure relationship exists
between bolt loosening and fatigue under compos-
ite excitation. The bolt failure mode under different
preloads is determined by the ratio of the transverse
load to the axial load of the composite excitation,
and is unrelated to the magnitude of the preload
and the excitation amplitude. The failure mode can
be predicted based on the critical R value.
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(2) The failure life of a bolt is determined by the
preload, and the excitation amplitude and failure life
of the bolt can be predicted based on the magnitude
of the load. For 8.8 grade high-strength bolts, the
optimal preload can be calculated as Fi = 0.503A.

(3) Under composite excitation, small axial loads can
restrain bolt failure depending on the preload.
When the preload is large, the axial load can
restrain bolt failure to a certain extent, whereas
when the preload is small, the axial load cannot
restrain bolt failure.

(4) When the preload is small, bolt fracture is primar-
ily affected by the friction and wear caused by shear
stress. When the preload is large, bolt fracture is
primarily affected by normal stress, which restrains
the friction and wear effect of the shear stress,
which proves that a competitive failure relationship
exists between bolt loosening and bolt fatigue, and
that axial loads can restrain bolt failure.
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