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Abstract

Loosening tests of bolted joints are carried out under various preloads and excitation amplitudes.
Three coatings are utilized to treat bolts, and their effects on the anti-loosening performance are
studied. For the MoS, coated bolt, a reasonable preload is calculated, and its anti-loosening
performance is also examined. It is found that the anti-loosening performance of MoS, coating on
bolt is better than that of the other two coatings. Under the same equivalent stress as that of the
uncoated bolt at the thread root, both the preload and the anti-loosening performance of the MoS,
coated bolt are significantly greater. Additionally, a FE model is created to simulate the bolted
joint, and very good agreement is found between numerical and experimental results.
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1 Introduction

Because of the advantages of simple structure, convenient use and low cost, bolted joints are
widely used in many engineering structures. Self-loosening is one of the main failure modes of
bolted joints in vibration environment, thus self-loosening mechanisms have been widely studied
by many researchers, in view of their importance and complexity. Experimental results indicate
that the common causes of self-loosening of bolted joints are plastic deformation of the fastener,
slippage and fretting wear between the contact surfaces 8] The FE method has been increasingly
used to study the dynamic behaviour of bolted joints in the past two decades. In addition, a

number of anti-loosening methods have been reported.

Goodier and Sweeney " investigated the loosening mechanism of bolted joints excited by axial
load, and suggested that a micro slippage occurred radially between the contact threads because of
the change of axial load. Based on static tensile tests, they pointed out that the bolt twisted in the
loosening direction during loading and twisted in the opposite direction during unloading, and thus
loosening behaviour occurred at last. Hosokawa et al. 1 found that due to the effect of Poisson’s
ratio, relative radial micro-slip between the contact threads occurred under axial load. The
self-loosening mechanism of bolted joints was attributed to a reduction in friction, which led to
slip both on the contact threads and on the bearing surfaces > ''!. Bickford "' and Jiang et al. >
13161 described a loosening process of bolted joints: preload reduced first slowly because of some
of the relaxation mechanisms, and then quickly. This was because sufficient preload was lost and
the friction forces dropped below a critical level, which caused the nut to back off. Ibrahim et al.
7 and Horn and Schmitt "* ' showed that fretting wear between contact surfaces, which caused
the clamping force to decrease in the early stage, was one of the reasons for self-loosening of
bolted joints. Some studies reported that fasteners could twist with or against gravity when

threaded fasteners were subjected to axial harmonic excitation (20241 Hess and co-workers !
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observed that the nut moved down along the bolt in a bolted joint system when subjected to a high
frequency excitation, but moved up in the opposite condition at low frequency excitation. Nassar
et al. ' and Yang et al. ® *! experimentally and numerically investigated the self-loosening
behaviour of bolted joints excited by dynamic axial load. The results showed that the plastic
deformation of the fastener was a major cause of self-loosening in bolted joints. Liu et al. (4]
experimentally found that preload reduced quickly due to the plastic deformation of the fastener,
then slowly as a result of fretting wear between the contact threads. In summary, the common
causes of self-loosening of bolted joints are plastic deformation of the fastener, slippage and
fretting wear between contact surfaces.

Due to the complexity of the thread profile of bolted joints and the limitation of finite element
software, axisymmetric finite element models or even two-dimensional models were often used to
study the mechanical characteristics of bolted joints. Bahai et al. *"! and Zhao ™ used a
two-dimensional model and an axisymmetric three-dimensional model to study the load
distributions along the threads and the stress concentration factors at the thread roots. Alkatan et al.

(291 presented a two-dimensional model to calculate the stiffness of the bolt head, nut and the

[16]

clamped plates. Based on the model of only one half of a bolted joint, Jiang et al. " explored the

self-loosening mechanism of a bolted joint under cyclic transverse loading, and Liu et al. (301
studied the dynamic response of a bolted joint under dynamic shear displacement. Recently,
helical thread models with tetrahedral elements were used by some researchers: Izumi et al. (31321
studied the self-loosening mechanism of a bolted joint subjected to shear loading, and Yokoyama

et al. *¥

researched the self-loosening mechanism of a bolted joint subjected to torsional loading.
In addition, external threads and bolt shank were modelled with hexahedral elements, and the bolt
model was created by tying the external threads to the bolt shank. The nut model was similarly
created using the same method 1434351 Ap effective model, which can construct helical thread
geometry, must be used to accurately capture the mechanical characteristics and self-loosening

phenomena of bolted joints. Fukuoka et al. (361

presented the mathematical expressions of thread
cross section profile, and created an effective model to study the load distributions along the
threads and the stress distributions at the thread roots. Yang et al. 57 and Rafatpanah 81 ysed the
same method to create a FE model to investigate the mechanical behaviour of a bolted joint. There
are three conventional methods to apply a bolt preload: a temperature increase is applied to one of
the clamped members "> '** %) 4 preload is applied over the bolt cross-section > **); and an
initial interference between the bolt head and the upper surface of the clamped member is defined
to simulate the application of the preload "> ** **!. Unfortunately, these afore-mentioned three
methods for applying a preload cannot simulate the friction torque applied to the bolt during the

tightening process.

In the design of bolted joints, tensile stress acting on the cross section of fastener is not
generally permitted to be beyond its yield strength. Consequently, the anti-loosening method is
focused on preventing slippage between contact surfaces. Generally, safety-wires, coatings and
inserts, thread-locking adhesive, and spring-washers are used to prevent loosening 19 Housari et
al. ' and Zaki et al. ™ used experimental and theoretical methods to research the effect of the
friction coefficients both on the contact threads and on the bearing surfaces on self-loosening of
bolted joints excited by cyclic transverse loads. It was found that the loosening rate reduced with
the increase of the friction coefficients both on the contact threads and on the bearing surfaces.
Some researchers examined the loosening behaviour of locking nuts including nylon insert ",
It was found that clamping force would no longer reduce after it dropped to a certain level.



Cheatham et al. ®”

discovered that clamping force also remained at a steady-state value, which was smaller than the

reported the loosening process of fasteners locking Heli-Coil inserts. They

initial preload. Experiments by Takemasu et al. ©' and analyses by Izumi et al. **! were carried
out to investigate the anti-loosening performance of bolted joints with double nuts. Eccles et al. 521
presented an experimental investigation of loosening of prevailing torque nuts. The results showed
that repeated tightening of prevailing torque nuts could reduce its anti-loosening performance due
to thread wear. Hess et al. ! conducted tests on the resistance to loosening of threaded fasteners
with five different washer configurations. They stated that “the internal teeth lock washer on plain
washer” provided the best anti-loosening performance. Sase et al. > >* invented new bolts named

step lock bolts (SLBs) and found that they had good anti-loosening characteristics.

In this paper, the self-loosening behaviour of bolted joints excited by dynamic axial load is
studied at five levels of both preload and excitation amplitude. According to previous studies,
PTFE coating and MoS, coating have low coefficient of friction and good self-lubricating

[55'59], and TiN coating has high hardness and excellent wear-resistance 160-631 Hence,

properties
the three coatings are utilized to treat bolts respectively, and their effects on anti-loosening
performance of bolted joints are investigated in this paper. An accurate FE model is built up to
simulate a bolted joint. Based on the finite element model, preload is applied by twisting the head
of the bolt, and the tightening process is realistically simulated. A theoretical method is firstly
used to validate the effectiveness of the FE model. The cumulative plastic deformation caused by
axial excitation, frictional stress, relative slippage and dissipated frictional energy per unit area are
studied for varying parameters (preload, amplitude of axial excitation and friction coefficient). In
addition, the clamping force loss caused by the plastic deformation and the slip between the

threads is analysed in the first three loading cycles.

2 Experimental method

Fig. 1 shows the testing equipment used in the experiments. The bolt testing fixtures are made
of steel which has a high fatigue strength. To measure the clamping force of bolted joints, a load
cell is inserted between the fixtures. The test process and the testing equipment are described as
follows:

(1) Fix the end of the lower fixture on the test platform, and then assemble the upper fixture, the
load cell and the lower fixture using a bolt and a nut.

(2) Place the two locating pins into the holes, and then apply a certain torque to the bolted joint
using a digital electronic torque wrench, which brings the preload of the bolted joint to reach a set
value.

(3) Take out the locating pins, and then apply an axial excitation to the end of the upper fixture.

2.1 Preload selection

According to Handbook of Mechanical Design 9 for the bolt made of carbon steel, the
recommended tensile stress on the section of bolt shank caused by preload is from the sixty to

seventy percent of the yield strength of bolt material. So the recommended preload is given by

P, = (0.6~ 0.7)0,A (1)
where A,, the valid cross section, is defined as
LA RELR @)
4 2 24

Here, d;, defined as the thread minor diameter, is 10.106 mm, d,, defined as the basic pitch



diameter of the thread, is 10.863 mm, and P, defined as the pitch of the thread, is 1.75 mm. Taking
them into Eq. (2), and the valid cross section is determined as
A=84.3 mm’

In this study, the bolts and nuts are made of 1045 steel with yield strength of 325 MPa. Taking
them into Eq. (1), the recommended preload is determined and it ranges from 16.4 kN to 19.2 kN.
Consequently, the preload of 18 kN is firstly selected in the experiments. In practice, torque
wrenches are commonly used to apply preload. Considering that the error of torque wrenches can
reach +20%, the preloads of 15 kN and 21 kN are selected. In order to better study the effect of
preload on the self-loosening behaviour of bolted joints, interpolation of above three levels of
preload has been conducted, and the preloads of 16.5 kN and 19.5 kN are also selected.

;I / Upper Fixture

Bolt

£ e Locating Pin

-
l] : Load Cell

Fig. 1. Experimental setup

Nut

Lower Fixture

2.2 Excitation amplitude selection

The separation between the connected parts may occur in extreme environment, and it has a
serious effect on the reliability of bolted joints. Some researchers have already conducted a
number of related studies *°!. In this study, the numerical results show that under the preload of 18
kN, one of the connected parts is separated from its adjacent part when the axial excitation, F,.
(F,=A:-A: [Bos(6071t) ), reaches 18.5 kN, and the clamp force drops to zero. The axial excitation

amplitude, denoted as Ag, is 9.25 kN in this condition, so the amplitude of 10 kN is firstly selected
in the experiments. In order to study the effect of excitation amplitude on the self-loosening
behaviour of bolted joints, two levels of excitation amplitude are respectively selected which are
larger and smaller than this first selection. In addition, all experiments are conducted at a
frequency of 30 Hz in air at room temperature.

2.3 Preparation of coating

PTFE coating and MoS, coating are applied by means of spraying. The fine PTFE powders (or
MoS, powders) are uniformly dispersed in adhesive of epoxy. After descaling, de-rusting and sand
blasting, the mixture is sprayed onto the surfaces of fasteners by a spray gun. Then the coating is
solidified by heat curing at 200 °C for 1 hour. The thickness of the two coatings is 10+1 pm, and
the micro-hardness of the PTFE coating and the MoS; coating are 23+2 HV and 60+5 HV. The
TiN coating, with thickness of 5+1 pm and hardness of 2500+50 HYV, is deposited on the fasteners



by an ion-plating equipment (MIP-800) at a bias voltage of -100 V to -150 V and a current of 350
A and a mixed gas (N,+He) pressure of 0.6 Pa.

In order to reduce the dispersion of preload and loosening values, all bolts and nuts are cleaned
in alcohol using an ultrasonic cleaner, and the test is repeated for five separate times under each
experimental condition. After the tests, the thread damage is analysed by optical microscope,
scanning electron microscope (SEM), energy dispersive x-ray system (EDS) and electron probe
micro-analysis (EPMA).

3 Experimental results

3.1 Effects on self-loosening
3.1.1 Effect of preload

In order to analyse damage characteristics of the threaded bolts, the first three threads near the
bearing surfaces of bolts are examined using an optical microscope. Fig. 2 shows the damage
morphologies of the first three thread surfaces at varying preloads. If no adjustment is made for
the damage morphologies in this paper, the right most thread is the first thread. Damage is not
continuous and it is serious near the thread crests. The damage of the thread surface gets slight for
threads further away, and it also gets slight with the increase of preload. It is because the contact
stress is large under high preload, which makes relative slip both on the threads and on the bearing
surfaces difficult to occur so that most of the contact area experiences sticking.

(a)

Fig. 2. OM morphologies of the first three thread surfaces at varying preloads (Ag=10 kN):
(a) Py=15 kN; (b) Pi=18 kN; (c) Py=21 kN



As shown previously, the damage of the first thread is most serious, so it is analysed using SEM
and EPMA/EDS in the subsequent experiments. Fig. 3 shows the wear micrographs and EPMA
analyses of the first damaged thread surface. Ploughing with plastic flow occurs near the thread
crest, and delamination phenomenon occurs near the root of the thread. The cause of the
delamination phenomenon may be scratch between the contact threads when preload is applied, or
cutting during the machining process. Delamination is the main damage phenomenon in the I area.
In addition, the damaged surface shows delamination, pitting wear, and obvious plastic flow
phenomenon in this area. Consequently, the main mechanisms are delamination and adhesive wear.
In order to determine whether there is oxidation wear, EPMA is used to test the content of oxygen
in the area denoted by i and ii, which are each 40x40 pum in the damaged area. As shown in Fig.
3(b), the content of oxygen is very low, so there is no oxidation wear in the i area and the ii area
(Fig. 3(c)). In summary, adhesive wear and delamination are the main wear mechanisms in this
loading condition.

Fig. 3. SEM images and EPMA analyses of the first thread surface (Py=18 kN, Ag=10 kN): (a)
SEM images; (b) EPMA analyses of the damaged area denoted as i; (¢) EPMA analyses of the
damaged area denoted as ii

um

Fig. 4 shows the wear micrographs of the first thread surface for the preload of 15 kN and 21
kN. As shown in Fig. 4(a), ploughing with obvious plastic flow occurs in the damaged area near
the crest of the thread. Moreover, delamination phenomenon occurs at the edge of the damaged
area with ploughing phenomenon. As shown in Fig. 4(b), the damage of the first thread surface for
the preload of 21 kN gets slighter than that for the preload of 15 kN, and delamination
phenomenon occurs at the crest of the thread. Compared with Fig. 3(a), with the increase of the
preload, the damage is reduced gradually. Additionally, adhesive wear and delamination are the
main wear mechanisms in those three conditions.



Fig. 4. SEM images of the first thread surface at varying preloads (Ag=10 kN):
(a) Po=15 kN; (b) Pp=21 kN

Fig. 5 (a) shows reductions of torque and clamping force at three levels of the preload after 10°
loading cycles. Function Ry (10° is defined as the percentage of the breakaway torque necessary
to loosen the tightening torque, and function R (10°) is defined as the percentage of clamping
force to preload. The reductions of torques and clamping forces become small with increasing
preload. In addition, the value of Ry (106) is not equal to that of Rg (106). Compared with the
tightening torque, the breakaway torque is usually smaller even if no dynamic load is applied to
the bolted joints 95150 in fact the value of Ry (0), defined as the percentage of the breakaway
torque necessary to loosen the bolt to the tightening torque without axial excitation, is less than 1.
This is one of the reasons why the value of Ry (106) is usually smaller than that of Rg (106). While
the preload is 15 kN, Ry (106) is larger than Rg (106). This is because discontinuous pits are
produced by fretting wear on the contact threads, and thus breakaway torque becomes large.
Under high preload, most of the asperities on the surface deform plastically, diminish in size, or
are even removed during the tightening process, and the real contact area is large, so plastic
deformation of asperities caused by axial excitation is small. Consequently, under high preload,
the clamping force decreases slowly in the initial period (See Fig. 5(b)). As discussed before, the
damage of threads is slight under high preload, which causes the change in clamping force to be
small. In summary, the bolted joint is not prone to loosening under high preload because of the
slight damage and the small plastic deformation of asperities caused by axial excitation.

@ B Ri(10°) (b) P=15.0 kN
100 R0 100 105 - —0— P=16.5 kN
| —A— P=18.0 kN
%] . I o0 i l§ . —— P=19.5 kN
8 T s & 95\ —#— P=21.0 kN
< . £ 8 s s
Z 801 9 80 & = 90 \ X X X
: y AN
\ / & ~O0Commm—g OOHD—0
70- \ \ L70 Bt . CamIO-0 Oz
80 - . _
75 4 : : : ; -
» 15 18 21 " 0 10° 10° 10° 10° 10°¢
Preload Po/ kN Number of cycles

Fig. 5. Reductions of torque and clamping force and self-loosening curves at different preloads
(Ag=10 kN): (a) Reductions of torque and clamping force; (b) Self-loosening curves



3.1.2 Effect of excitation amplitude

As shown in Fig. 6, damage is not continuous and the damage is serious near the thread crests.
The damage of the first thread surface is most serious. Because the contact stress and slippage
between the contact threads increase as the excitation amplitude increases, the thread damage gets
serious gradually. Fig. 7 shows the wear micrographs of the first thread surface at two levels of
excitation amplitude. As can be seen from Fig. 7(a), the damage of the thread surface is very slight
with ploughing and delamination phenomena. This shows that the main wear mechanism is
abrasive wear, accompanied by adhesive wear and delamination. As shown in Fig. 7(b), the
damaged surface exhibits ploughing and delamination phenomena at the crest of the thread.
Therefore, delamination and adhesive wear are the main wear mechanisms. Compared with Fig.
3(a), with the increasing excitation amplitude, the main wear mechanism transforms from abrasive
wear to delamination and adhesive wear.

Fig. 6. OM morphologies of the first three thread surfaces at two levels of excitation amplitude
(Po=18 kN): (a) Ap=7.5 kN; (b) Az=12.5 kN

Fig. 7. SEM images of the first thread surface at two levels of excitation amplitude (Py=18 kN):
(a) A=7.5 kN; (b) Ap=12.5 kN

Fig. 8 (a) shows the reductions of torque and clamping force after 10° loading cycles. Under
higher excitation amplitude, clamping force drops more quickly under the same preload. While the
reduction of tightening torque increases firstly and then decreases, it is probably because the bolt
threads get a good grip caused by the serious discontinuous damage when the excitation amplitude
is 12.5 kN. As shown in Fig. 8(b). Under the same preload, plastic deformation of asperities
caused by axial excitation is large under high excitation amplitude, which causes the reduction in
the clamping force to increase. Coupled with the serious damage, the bolted joint is prone to
loosen under high excitation amplitude.
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amplitudes (Ar=10 kN): (a) Reductions of torque and clamping force; (b) Self-loosening curves

3.2 Effects of three coatings on the anti-loosening performance
3.2.1 SEM investigation

As stated earlier, the bolts tested in the above experiments are not coated. The bolts are coated
with three different coatings in the following experiments, and the damage of thread surfaces and
the change in clamping force are studied. Fig. 9 shows the damage morphologies of the first three
thread surfaces for different coatings. As discussed earlier, damage is not continuous and it is
serious near the crests of threads. The damage of PTFE coated threads is very serious, and that of
MoS, coated threads is slight. For the damage of TiN coated threads, extensive plastic deformation
occurs at the crests of the threads because of the high friction coefficient of the contact threads t6el,
It is found that the breakaway torque necessary to loosen a bolt is very large, and the bolts are

severely damaged and even fracture in the experiments.

For the PTFE coated bolt, the SEM images and EDS analyses of the first thread surface are
shown in Fig. 10. As can be seen from SEM images, the PTFE coating is removed from the
substrate by the delamination in a local area, and the damage of the substrate is very slight. This is
because bonding strength between PTFE coating and bolt matrix is low and the coating is easily
removed, and then the detached coatings have an effect of solid lubrication. In addition, the
surface of the substrate is characterized with pore shape. This may be because oxidation reaction
takes place on the thread surface before PTFE coating is utilized to treat bolts. In addition, it is
found from the EDS analyses that PTFE coating has been completely removed, because there are
only iron, carbon and small amount of oxygen without fluorin in the region. Consequently,
delamination is the main wear mechanism. For the MoS; coated bolt, the SEM images and EDS
analyses of the first thread surface are shown in Fig. 11. There appear many solid particles on the
thread, and delamination and ploughing are the main wear phenomena. Because MoS, particles
have a self-lubricating property, the damage of the coating is slight. Likewise, the results of EDS
analyses show that the MoS, coating has been completely removed in a local area. Therefore,
abrasive wear and delamination are the main wear mechanisms. For the TiN coated bolt, the SEM
images and EDS analyses of the first thread surface are shown in Fig. 12. Because of the high
friction coefficients between the contact surfaces, relative slip is not easy to occur on the contact
threads or on the bearing surfaces. In addition, TiN coating has excellent wear resistance, and the
damage of the coating is slight. Because of the high friction coefficient, the tightening torque is
very large, and then plastic deformation occurs at the crests of the threads in the disassembling
process of the bolted joints. Therefore, abrasive wear is the main wear mechanism.



Fig. 9. OM morphologies of the first three thread surfaces for different coatings
(Po=18 kN, Az=10 kN): (a) PTFE coating; (b) MoS, coating; (c) TiN coating
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Fig. 10. SEM images and EDS analyses of the first thread surface
(Po=18 kN, Ag=10 kN)
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Fig. 11. SEM images and EDS analyses of the first thread surface for the MoS, coated bolt
(Po=18 kN, Ap=10 kN)
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3.2.2 Self-loosening curve

Stage I is defined as the first 1000 cycles of the experiment, and the following cycles are
referred to as Stage II. As can be seen from Fig. 13, MoS; coating has the best anti-loosening
performance, PTFE coating is acceptable, while TiN coating is the worst. As discussed before,
plastic deformation of asperities and fretting wear are the main reasons of reduction in clamping
force of bolted joints under axial excitation ¥ For the PTFE/MoS, coated bolts, there are not
many large asperities on the thread surface, and the change in clamping force is less than that for
the uncoated bolt in the initial stage of the experiment (denoted as Stage I). In comparison,
because a large number of asperities deform plastically, diminish in size, or are even removed in
Stage I, the change in clamping force for the TiN coated bolt is largest. As seen earlier, bonding
strength between PTFE coating and bolt matrix is low and the damage of coating surface is serious,
so the change in clamping force for the PTFE coated bolt is very large in Stage II. Because of
self-lubrication and high bonding strength, the damage of the coating is slight, and the change in
clamping force for the MoS, coated bolt is smaller than that for the PTFE coated bolt in Stage II.
Due to the excellent wear resistance and high bonding strength, the damage of the coating is
slightest and the change in clamping force for the TiN coated bolt is smallest in Stage II.
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Fig. 13. Self-loosening curves and reductions of clamping forces for the three types of the coated
bolts (Py=18 kN, Ag=10 kN): (a) Self-loosening curves; (b) Reductions of clamping forces

3.3 Preload selection

During the process of applying tightening torque, shear stress is generated by the friction torque
on the section of the bolt shank. In practice, considering the presence of shear stress, the tensile
stress caused by the preload is usually restricted to be smaller than eighty percent of the yield
strength of the bolt material. For the MoS, coated bolt, the friction coefficients both on the threads
and the bearing surfaces is small. The friction torque is smaller than that for the uncoated bolt,
which causes the shear stress to be smaller. Consequently, under the same equivalent stress as that
of the uncoated bolt at the thread root, the preload can be appropriately increased.

The equivalent stress at the thread root is given by

0,=\0, +31 3)

where g, is the tensile stress caused by the preload, and 7 is the shear stress caused by the friction
torque. The tensile stress at the thread root can be written as
4R
g,= P
1

4

12



Here d; is the minor diameter of the thread.

In addition, the shear stress at thread root is expressed by
d P

8P (—— U +—

_Md, _ 0(cosa"u‘ IT)

7= (5)
21, 7o,

Here, M, is the friction torque applied to the contact threads, |, is the polar moment of area at the
thread root, d, is the basic pitch diameter of the threads, ¢ is the half of thread profile angle, £ is
the friction coefficient between the contact threads, and P is the pitch of the threads. The values of

the above-mentioned parameters are listed in Tab. 1.

From the dimensions of the bolt, friction coefficient between the contact threads, and Egs. (4)
and (5) into Eq. (3), the equivalent stress at the thread root can be determined when a preload of
18kN is applied to the uncoated bolt, and then the preload for the coated MoS, bolt, which results
in the same equivalent stress as that of the uncoated bolt at the thread root, can be determined as

P =21.5kN (6)

Tab. 1 Bolt dimensional details and friction coefficients between the contact threads

Thread diameter, D 12.000 mm
Thread pitch, P 1.750 mm
Minor diameter of thread, d; 10.106 mm
Basic pitch diameter of thread, d, 10.863 mm
Half of thread profile angle, & 30°

For the uncoated bolt, friction coefficient [66], L 0.169

For the MoS, coated bolt, friction coefficient (661 L 0.083

Fig. 14 shows the OM morphologies of first three MoS, coated thread surfaces for the preload
of 21.5 kN. Likewise, with the increasing thread sequence, the damage of thread surface gets
slight, and the damage of the first thread is most serious. Compared with Fig. 9(b), the damage is
reduced when the preload is 21.5 kN.

Fig. 14. OM morphologies of first three thread surfaces of the MoS, bolted joint:
(Po=21.5 kN, Az=10 kN)

Fig. 15 shows the SEM images and EDS analyses of the first thread surface of the MoS, coated
bolt at a preload of 21.5 kN. Similarly, there are many MoS, particles on the thread surface, and
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delamination are the secondary wear phenomena. The EDS analyses show that the MoS, coating
is completely removed in a local area. Therefore, abrasive wear and delamination are the main
wear mechanisms.
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= >
2 0 Fe
Fe Mo 3
R ” o -A_Lc Point B
\'
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0 1 .
__I_ __\-!*-" ” Fe Point C

0 1 2 3 6 7 8 9 10

bt 1 Energy/ keV

Fig. 15. SEM images and EDS analyses of the first thread surface of the MoS; bolted joint:
(Py=21.5 kN, Ag=10 kN)

As can be seen from Fig. 16, the anti-loosening performance of the MoS, coated bolt is best
when a preload of 21.5 kN is applied to the bolt. The higher preload is applied to the bolt, the
more asperities deform plastically, diminish in size, or are even removed during the tightening
process, and thus the change in clamping force is smaller in Stage I. In addition, fretting wear gets
slight due to the self-lubrication of the MoS, coating. Therefore, the clamping force decreases

slowly.
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o5: (F=L1.3 o
108 —o— MoS: (P=18.0 kN) 1 . Stage |
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Fig. 16. Self-loosening curves and reductions of clamping forces for varying test parameters
(Ar=10 kN): (a) Self-loosening curves; (b) Reductions of clamping forces
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4 Description of finite element model

Fig. 17 shows the finite element model used in this study. The model contains two fixtures, a
load cell, a bolt and a nut. The material of the first three parts is considered elastic, and its Young's
modulus is 210 GPa. The material of bolt and nut is considered elasto-plastic, and the stress-strain
curve is obtained by uniaxial tensile tests. In addition, Poisson's ratio of all materials is taken as
0.3. In order to save calculation time, seven threads are built up for the bolt and six threads are
created for the nut in this model.

Tetrahedral elements (C3D4R) are used in the transition region between the cylindrical part and
the rectangular box of each of the two fixtures, while eight-node linear reduced-integration
hexahedral elements (C3D8R) are used in the other regions to improve the accuracy of the
calculation. There are 471,445 nodes and 424,473 elements in the FE model.

Five contact pairs are defined in this finite element model. They are the contact between the
head of the bolt and the top fixture (Contact I), the contact between the top fixture and the load
cell (Contact II), the contact between the load cell and the lower fixture (Contact III), the contact
between the lower fixture and the nut (IV) and the contact between the threads (V). Considering
that separation may occur between the top fixture and the load cell under axial excitation, the
finite sliding formulation is used for Contact II and Contact III. In order to improve the efficiency
of computation, the small sliding formulation is selected for the other contact pairs. For Contact V,
an exponential pressure-overclosure relationship is selected for the normal behaviour and the
penalty method with friction is used for the tangential behaviour. For the other contact pairs, the
penalty methods with hard contact and friction are respectively used for the normal and tangential
behaviour. The friction coefficient between the contact pairs is taken as 0.15 for Contact II,
Contact IIT and Contact IV. Based on the experimental results [66], the friction coefficients between
the bearing surfaces (Contact I) and between the threads (Contact V) are listed in Tab. 2.

(®)

Upper fixture

Bolt

Load cell
Nut

Lower fixture

Fig. 17. Finite element model: (a) Complete model; (b) Enlarged view of the threads

The process of applying boundary conditions and loading is as follows:
(1) The end of the lower fixture is fixed, and the top fixture and the nut are not allowed to twist
around the vertical axis and to move in the horizontal direction in the initial step.
(2) In order to avoid singularity in the numerical computation, an angular displacement of 0.005
rad around the bolt axis is applied to the bolt head in the first step.
(3) The angular displacement listed in Tab. 2 is applied to the bolt head, and the constraints of the
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top fixture and the nut are released in the second step.
(4) The axial excitation is applied to the end of the top fixture in the next six steps (see Fig. 18 and
Tab. 2).

Tab. 2. Finite element simulations'®®’

Loading Friction Friction Tightening Excitation
.. .. Preload (kN) ]
case coefficient g,  coefficient g, angle (rad) amplitude (kN)
1 0.269 0.169 0.250 15 10
2 0.269 0.169 0.295 18 10
3 0.269 0.169 0.340 21 10
4 0.269 0.169 0.295 18 7.5
5 0.269 0.169 0.295 18 12.5
6 0.083 0.045 0.288 18 10
7 0.081 0.078 0.291 18 10
8 0.296 0.418 0.328 18 10
9 0.081 0.078 0.338 21.5 10

(un denotes the friction coefficient between the bolt head and the top fixture, and x denotes the

friction coefficient between the contact threads)

Axial excitation

20+
15+

(1] S— .I LRI IR (OO O30 Gl -4 .

Load /kN

Step

Fig. 18. Loading process

5 Numerical results

5.1 Verification of finite element model

Yamamoto '’ theoretically investigated the axial-load distribution on each thread, and also
gave its mathematical expression. Fig. 19 shows the axial-load distributions from the finite
element method and theoretical method. As can be seen from the figure, very good agreement is
achieved between the numerical results and the theoretical results. It is found from the numerical
results that the first thread carries 30% of the total axial-load. For further threads, the load carried
by each thread decreases gradually.

Fig. 20 shows the stress concentration factor (SCF) at the thread roots. The maximum value of
SCF occurs at the first thread root of the bolt. This is one of the reasons why fatigue fracture
occurs there. In addition, the distribution of SCF along the thread roots of the nut is smoother than
that of bolt. This is one of the reasons why bolts, not nuts, are usually prone to fatigue fracture.
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Fig. 19. Comparison of axial-load distributions Fig. 20. The SCF distributions along the
from the theoretical and numerical methods thread roots for bolt and nut

The theoretical relationships between the tightening/loosening torques and preload are well-

known and given as 165, 681,
P, d PP
T :_0(_2 +—) +-0
R ) Ak 7)
:-rthread +-I-pitch +-I-head
P d P. P
T =2 (— -—)+—2d
1 7 (Cosa’ /'It ]T) 2 Wﬂh (8)
= -rthread _Tpitch +Thead

where T, and T; are defined as the tightening torque and the loosening torque, Py is the preload, d,
is the basic pitch diameter of the threads, a is the half of thread profile angle, d,, is the equivalent
diameter of bearing surface, Tyye,q iS the bolt thread torque due to friction between the contact
threads, Tpich is the bolt thread torque due to thread pitch, and Theq is the head torque due to
friction between the clamped plate and the head of the bolt.

{a) 18kN i —— Theoretical results (b) 18kN —— Theoretical results
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Fig. 21. Relationships between clamping force and tightening/loosening torque:

(a) 1£,=0.269, 11,=0.169; (b) Ly=1=0.05

Fig. 21 shows the relationship between the tightening/loosening torques and the preload. It is
found from the numerical results that the loosening torque is smaller than the tightening torque. In
addition, Tpyien is small, which indicates that the total torque is used to overcome the friction
torques both on the contact threads and on the bearing surfaces. As can be seen from Fig. 21(b),
the loosening torque is smaller than 50% of the tightening torque. The tightening/loosening torque
decreases with the decrease of the friction coefficients between the contact surfaces. Once the

friction coefficients are small enough, the loosening torque may be equal to zero, and the bolted
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joint will lose the self-locking performance. From the numerical results and theoretical results
(Figs. 19 and 21), the finite element model is valid.

5.2 Thetightening process

Fig. 22 shows the plastic deformation by two possible methods to apply a bolt preload in
ABAQUS. For the method of applying a preload of 18 kN over the bolt cross-section (the first
method), the plastic deformation at the thread roots is smaller than that for the method of applying
the same preload by twisting the head of the bolt (the second method). As shown in Fig. 23, the
contact stress, the equivalent stress, and the shear stress on the threads for the first method are all
larger than those for the second method. In practice, a bolt preload is usually applied by twisting
the head of the bolt using a torque wrench. Additionally, the contact stress and the shear stress
have direct influences on the fretting wear and the contact state on the threads. Consequently, the

second method is used to apply a bolt preload in the subsequent numerical analysis.
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(a) Applying a bolt preload over the bolt cross-section; (b) Applying a bolt preload by twisting
the head of the bolt

Fig. 22. Plastic deformation for two methods to apply a bolt preload (Py=18 kN):

o

(a) Applying a bolt preload over the bolt cross-section; (b) Applying a bolt preload by twisting
the head of the bolt

Fig. 23. Stress distributions on the threads under the preload (Py=18 kN):

It is important to note that applying a bolt preload by twisting the head of the bolt can be

conducted under torque control or angle control. Fig. 24 shows the preload-tightening torque
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curves for different friction coefficients between the head of the bolt and the top fixture and
between the threads. Loading case 2, 6, 7 and 8 separately simulate the loading process for the
uncoated bolt, the PTFE coated bolt, the MoS, coated bolt and the TiN coated bolt. As can be seen
from the figure, due to application of a bolt preload of 18 kN, the tightening torque for the PTFE
coated bolt is smallest, and that for the TiN bolt coated bolt is largest and it is nearly 1.5 times as
large as that for the uncoated bolt. In addition, the preload for the coated TiN bolt is equal to zero
in the initial stage of tightening process. This is because relative slip between the contact surfaces
does not occur and the length of the bolt remains constant due to the high friction coefficients.
When the tightening torque reaches a certain value, a relative slip occurs and the length of the bolt
increases, and then the preload increases. Consequently, the friction coefficients between the bolt
head and the top fixture and between the threads have a big effect on the preload-tightening torque

curves.
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Fig. 24. Preload-tightening torque curves Fig. 25. Preload-tightening angle curves

Fig. 25 shows the preload-tightening angle curves for different friction coefficients between the
head of the bolt and the top fixture and between the threads. When the tightening angle is less than
0.3 rad, the preload-tightening angle curves show little difference, and the preload is linear with
the tightening angle. Therefore, the friction coefficients between the contact surfaces have a small
effect on the preload-tightening angle curves when the tightening angle is small. For the TiN
coated bolt, the preload does not appear have a linear relationship with the tightening angle when
the tightening angle is greater than 0.3 rad, and the preload is smaller than that for the other bolts.
This is because severe plastic deformation occurs at the thread roots due to the high friction torque.
In order to verify this conclusion, the plastic deformations at the thread roots in varying loading
cases is analysed at a tightening angle of 0.5 rad.
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Fig. 26. Plastic deformation for varying loading cases (&= 0.5rad):
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Fig. 26 shows the plastic deformation in varying loading cases. It is found from the figure that
the maximum plastic deformation for the PTFE/MoS, coated bolt is small and that for the TiN
coated bolt is nearly six times that for the uncoated bolt.

5.3 Dynamic behaviour of bolted joints
5.3.1 Effect of preload

Fig. 27 shows the changes in the axial displacement of the end of the top fixture under the axial
excitation at different preloads in the third analysis step. It is found from the figure that the
response curves are almost coincident under different preloads when the value of axial excitation
is less than 15 kN, and the axial displacement of the end of the top fixture for the preload of 15 kN
is larger than that for the other two preloads when the value of axial excitation is larger than 15 kN.
Fig. 28 shows the variations of axial load and clamping force under applied axial excitation at
different preloads. Under the preload of 15 kN, it is found that axial load on the bolt cross-section
increases slowly and clamping force decreases quickly when the applied axial excitation is less
than 15 kN, and axial load increases quickly and clamping force is equal to zero, which means that
all the axial excitation goes to the bolt due to the separation of the top fixture from the load cell.
Under the preload of 18 kN, the top fixture is separated from the load cell when the axial
excitation reaches 18.5 kN. It is found that the separation of the top fixture and the load cell does
not occur under the preload of 21 kN until the axial excitation reaches 20 kN.
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Fig. 27. Response curves in the third Fig. 28. Variations of axial load and clamping force
analysis step at different preloads with the axial excitation

In Fig. 29, two paths are defined on the bolt thread surface to further investigate the frictional
stress at t3, slip amplitude and dissipated frictional energy per unit area (hereinafter referred to as
dissipated frictional energy) during a loading cycle in detail. They are Path 1 and Path 2 in red
colour, which are in the radial and circumferential direction. Additionally, a point on Path 1,
denoted by A, is selected to study the relative slippage in the first loading cycle.

Fig. 30 shows the variations of clamping force, maximum cumulative plastic deformation
caused by axial excitation at the thread roots and the relative slippage at point A (Fig. 29) for
varying preloads. Function A&,(3) is defined as maximum cumulative plastic deformation in the
first three loading cycles, and ASs(1) is defined as relative slippage at point A in the first loading
cycle. It is found from the numerical results that a micro slippage at point A occurs in the

loosening direction during the first loading process and it is not completely recovered during the
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unloading process, which causes the clamping force to decrease, while the micro slippage in the
loosening direction can be almost completely recovered during the unloading process in the next
analysis steps. Consequently, in the subsequent analysis, relative slippage at point A is only
analysed in the first loading cycle. As can be seen from Fig. 30, with the increasing preload, the
maximum cumulative plastic deformation at the thread roots and the relative slippage at point A
decrease, and the ratio of the residual axial load of the bolt to preload increases.

Fig. 29. Definition of the two paths
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Fig. 30. Variations of clamping force, maximum cumulative plastic deformation at the thread roots

and relative slippage at point A for varying preloads

Fig. 31 shows the frictional stress at t3, displacement amplitude and dissipated frictional energy
(from t, to ty) along Path 1 at varying preloads. As can be seen from Fig. 31(a), the frictional stress
is largest at point A and the displacement amplitude at the thread root and crest is larger than that
in the other area along Path 1. As discussed before, the top fixture is separated from the load cell
and all the axial excitation adds to the bolt at t; when the preload is 15kN and 18 kN. Thus, the
frictional stress remains constant at the beginning, and it increases when the preload is large
enough to prevent it from separation of the top fixture from the load cell. In addition, under high
preload, slip between the contact threads is not easy to occur under the same axial excitation, so
the displacement amplitude decreases obviously with the increasing preload. It is found from Fig.
31(b) that the dissipated frictional energy increases with the decreasing preload and it is largest at
point A.

Fig. 32 shows the frictional stress at t;, the displacement amplitude and the dissipated
frictional energy (from t, to t;) along Path 2 at varying preloads. It is found from the numerical
results that the frictional stress decreases along Path 2. In addition, the displacement amplitude
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decreases overall, but not monotonically along Path 2. This is because the bolt is subjected to not
only an axial load but also bending moments on the left and right sides of the top fixture under
axial excitation (Fig. 17(a)), which causes the displacement amplitude on the left and right sides of
the top fixture to be larger than that in the other area of the same thread. As shown in Fig. 32(b),

the dissipated frictional energy decreases along Path 2, and it decreases with the increasing

preload.
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Fig. 32. Frictional stress at t;, displacement amplitude and dissipated frictional energy along Path
2 at varying preloads:

5.3.2 Effect of excitation amplitude

As shown in Fig. 33, with the increasing excitation amplitude, the maximum cumulative plastic
deformation at the thread roots and the relative slippage at point A increase, and then the ratio of

the residual clamping force to preload decreases.

Fig. 34 and Fig. 35 illustrate the frictional stress at t;, displacement amplitude and dissipated
frictional energy (from t, to t;) along Path 1 and Path 2 at three levels of excitation amplitude.
Similarity, the frictional stress and dissipated frictional energy are largest at point A along Path 1,
and they decrease overall along Path 2. The displacement amplitude at the thread root and crest is
larger than that in the other area along Path 1, and it also decreases overall along Path 2. With the
increase of excitation amplitude, the frictional stress, the displacement amplitude and the

dissipated frictional energy increase.
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Fig. 33. Variations of clamping force, maximum cumulative plastic deformation at the thread roots
and relative slippage at point A for varying excitation amplitudes
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Fig. 34. Frictional stress at t;3, displacement amplitude and dissipated frictional energy along Path
1 at three levels of excitation amplitude
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Fig. 35. Frictional stress at t;, displacement amplitude and dissipated frictional energy along Path
2 at three levels of excitation amplitude

5.3.3 Effect of friction coefficients between the contact surfaces

The behaviour of the PTFE/MoS,/TiN coated bolt is studied by changing the friction
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coefficients between the contact surfaces. Fig. 36 shows the variations of clamping force,
maximum cumulative plastic deformation at the thread roots and relative slippage at point A for
varying friction coefficients between the contact surfaces. With the friction coefficients between
the contact surfaces increase, the maximum cumulative plastic deformation at the thread roots and
the relative slippage at point A decrease, and then the ratio of the residual axial load of the bolt to
preload increases. It is important to note that the asperities on the thread surface are not considered
in the finite element model. In practice, the friction coefficient is closely related to the asperities,

which also have a great effect on the reduction of clamping force.
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Fig. 36. Variations of clamping force, maximum cumulative plastic deformation at the thread roots

and relative slippage at point A for varying friction coefficients between the contact surfaces

Fig. 37 and Fig. 38 show the frictional stress at t;, displacement amplitude and dissipated
frictional energy (from t; to t;) along Path 1 and Path 2 for varying friction coefficients between
the contact surfaces. With the increase of the friction coefficients, the friction stress increases, and
then slip is not easy to occur between the contact threads. In addition, the dissipated frictional
energy increases with the increase of friction coefficients. It is important to note that the wear
resistance of coating and the bonding strength between coating and bolt matrix are excluded in the
finite element model, so it cannot be claimed that the thread damage of the TiN coated bolt is
more serious than that of the PTFE/MoS, coated bolt.
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varying friction coefficients between the contact surfaces
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As can be seen from Fig. 25, the preload for the TiN coated bolt is not linear with the tightening
angle when it reaches 15 kN. This suggests that severe plastic deformation has occurred during the
tightening process, and there is a risk of fracture failure for the TiN coated bolt. It is found from
the numerical results that the dissipated frictional energy for the MoS, coated bolt is slightly larger
than that for the PTFE coated bolt. However, the bonding strength of MoS, coating is much higher
than that of PTFE coating 53, 581, Consequently, the MoS, coated bolt has better anti-loosening
performance than the PTFE coated bolt.
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Fig. 38. Frictional stress at t;, displacement amplitude and dissipated frictional energy along Path
2 for varying friction coefficients between the contact surfaces

5.4 Preload selection

According to the von Mises yield criterion, under the same equivalent stress as that of the
uncoated bolt at the thread root, the preload for the MoS, coated bolt increases by nearly 20%. Fig.
39 shows the variations of clamping force, maximum cumulative plastic deformation at the thread
roots and relative slippage at point A for different loading cases. Compared with the MoS, coated
bolt with the preload of 18 kN (Loading case 7), maximum cumulative plastic deformation at the
thread roots and relative slippage at point A become smaller when the preload is raised to 21.5 kN
(Loading case 9), and then the ratio of the residual axial load of the bolt to preload increases.
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Fig. 39. Variations of clamping force, maximum cumulative plastic deformation at the thread roots

and relative slippage at point A for different loading cases

Fig. 40 and Fig. 41 show the frictional stress at t;, displacement amplitude and dissipated
frictional energy (from t; to t;) along Path 1 for different loading cases. For the MoS; coated bolt

25



with a preload of 21.5 kN, it is found that the displacement amplitude and the dissipated frictional
energy are small. Equipped with good adhesion and self-lubrication of MoS, coating, the damage
of threads is slight. This suggests that the clamping force loss caused by fretting wear between the
threads is small in practice. Because there are not many asperities on the threads, and then the
clamping force loss caused by the plastic deformation, diminution in size, or removal of the
asperities is also mild. Consequently, the anti-loosening performance can be greatly improved and
the clamping force can be reduced as well by treating bolts with MoS, coating.
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Fig. 40. Frictional stress at t3, displacement amplitude and dissipated frictional energy along Path
1 for different loading cases
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Fig. 41. Frictional stress at t;, displacement amplitude and dissipated frictional energy along Path
2 for different loading cases

6 Discussions

According to previous studies, damage gets serious with the increase of the cumulative
[69-71]

dissipated friction energy

Under high preload, the frictional stress on the contact threads is so large that the slip is not
easy to occur and the cumulative dissipated friction energy is small under the same excitation
amplitude (Figs. 31 and 32), suggesting that the thread damage is slight (Fig. 2). In fact, the
contact on the microscopic scale occurs on the discontinuous surfaces of the asperity peaks.

Plastic flattening of asperities at the contact areas, designated as “embedding”, causes the clamp

26



force to decrease "*. Under high preload, most of the asperities on the thread surface are
plastically flattened, or even removed, during the tightening process, and the real contact area is
larger than that under low preload. Additionally, the change of the axial load to which the bolt
shank is subjected decreases with the increasing preload (Fig. 28). Consequently, the plastic
deformation/removal of the asperities on the contact surfaces caused by axial excitation is slight
under high preload (Fig. 30). Therefore, the bolted joint is not prone to loosening under high
preload because of the slight thread surface damage and the slight plastic deformation/removal of

the asperities on the contact surfaces (Fig. 5).

Under high axial excitation amplitude, the component of the excitation on the thread surface,
which leads to slip between the contact threads, is very large so that the slip is easy to occur.
Coupled with the high frictional stress, the cumulative dissipated friction energy is also large
under the same preload (Figs. 34 and 35), suggesting that the thread damage is serious (Figs. 2(b)
and 6). Fig. 28 shows that the change of the axial load increases with the increasing axial
excitation amplitude, and then the plastic deformation of the asperities on the contact surfaces
increases (Fig. 33). Consequently, the bolted joint subjected to high axial excitation is easy to
loosen because of the serious thread surface damage and the serious plastic deformation/removal
of the asperities on the contact surfaces (Fig. 8).

For the PTFE/MoS, coated bolt, most of the asperities on the contact surfaces are plastically
flattened/removed during the tightening process because of the low hardness of the coatings, and
the real contact area is larger than that for the uncoated bolt, so the plastic deformation/removal of
the asperities on the contact surfaces caused by the same axial excitation is slight. Consequently,
the clamp force drops more slowly than that for the uncoated bolt in the early experiment period
(Fig. 13(a)). Additionally, slip between the contact threads is easy to occur because of the low
friction coefficient, and the slip amplitude is larger than that for the uncoated bolt. However, the
frictional stress is small, and the cumulative dissipated friction energy is smaller than that for the
uncoated bolt (Figs. 31(b) and 37(b)). It is important to note that the bonding strength between
coating and bolt matrix is low for the PTFE coated bolt, so the PTFE coating is easy to be
removed from the substrate under axial excitation (Fig. 10). Therefore, the clamp force drops
quickly in the late experiment period (Fig. 13(a)). For the MoS, coated bolt, abrasive wear, a
slight form of wear, is the main wear mechanism because of the self-lubricating property of MoS,
particles produced by fretting wear. Coupled with the high bonding strength, the thread damage is
slight (Fig. 11) and the clamp force drops slowly in the late experiment period (Fig. 13(a)).

For the TiN coated bolt, due to the excellent wear resistance and high bonding strength, the
thread damage is slight, and the clamp force decreases slowly in the late experiment period (Fig.
13(a)). However, large tightening torque is required to apply the preload because of the high
friction coefficient. It may cause the threads to undergo the plastic deformation (Fig. 9(c)), which
is not permitted in practical engineering. Consequently, the TiN coating is not appropriate to apply
to the fastener surface.

Because of the low friction coefficient between the contact threads for the MoS, coated bolt, the
shear stress on the thread surface is small, tightening torque can be properly enhanced to improve
the bolt preload, together with the self-lubricating property and the high bonding strength, the
thread surface damage is slight (Figs. 9(b) and 14) and the change in clamping force becomes
small (Fig. 16(a)). So MoS, is the best coating among the three.
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7 Conclusions

Self-loosening behaviour of bolted joints excited by dynamic axial load is investigated, and
thread damage is analysed by OM, SEM and EDS. In addition, the anti-loosening performance of
three types of coating on the bolts is examined. From the experimental results, the following
conclusions can be drawn:

1. With the increasing preload and the decreasing excitation amplitude, the bolted joint is
not prone to loosening because of the slight thread surface damage and the slight plastic
deformation/removal of the asperities on the contact surfaces. Additionally, delamination is
the main wear mechanism, and adhesive wear and abrasive wear also occur on the damaged
thread.

2. In the first stage of loosening process (the first 100 cycles of excitation), for the
PTFE/MoS, coated bolts, a large number of asperities on the contact surfaces deform
plastically, diminish in size, or are even removed during the tightening process due to the low
hardness of the coating, the real contact area is large, and the plastic deformation/removal of
the asperities on the contact surfaces caused by axial excitation is slight, then the change in
clamping force is small. In contrast, the change in clamping force of the bolt coated with TiN

is large in this stage.

3. In the second stage of loosening process (from the 10’th cycle to the 10°th cycle), due to
the poor adhesion property of PTFE coating, the damage of the coating on threads is serious,
and the change in clamping force of the PTFE coated bolts is large in this stage. For the MoS,
coated bolts, because of their good self-lubricating property and high bonding strength, the
thread surface damage is slight and the change in clamping force is small in this stage. For the
bolt coated with TiN, the damage of the coating on threads is slight due to its excellent wear
resistance, and the change in clamping force is also small in this stage.

4. For the bolt coated with MoS,, the tightening torque is small because of the low friction
coefficient. Therefore, under the same equivalent stress as that of the uncoated bolt at the
thread root, the preload increases significantly, and the anti-loosening performance can be
greatly improved.

5. The cumulative dissipated friction energy on thread surfaces increases with the
decreasing preload and the increasing excitation amplitude. It becomes small for the MoS,
coated bolt under a sensible level of preload optimization. The numerical results are in
agreement with the experimental observations.
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