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Abstract: A spherical hinge structure is a key swivel bridge element that must be considered when
evaluating friction characteristics and lubrication properties to meet the rotation requirement. Polyte-
trafluoroethylene (PTFE)-based spherical hinge sliders and lubrication coating have been employed
for over 20 years, but with the growing tonnage of swivel bridge construction, their capacity to
accommodate the required lubrication properties can be exceeded. In this manuscript, the optimal
friction coefficient of the spherical hinge is obtained through the finite element analysis method. Four
lubrication coatings and four spherical hinge sliders are prepared and tested through a self-developed
rotation friction coefficient test, four-ball machine test, dynamic shear rheological test, and compres-
sion and shear performance test to evaluate the lubrication and friction properties of the spherical
hinge structure. The results of the finite element analysis show that the optimum rotation friction
coefficient of the spherical hinge structure is 0.031–1.131. The test results illustrate that the friction
coefficient, wear scar diameter, maximum non-seize load, phase transition point, and thixotropic
ring area of graphene lubrication coating are 0.065, 0.79 mm, 426 N, 14.6%, and 64,878 Pa/s. The
graphene lubrication coating has different degrees of improvement compared with conventional
polytetrafluoroethylene lubrication coating, showing more excellent lubrication properties, bearing
capacity, thixotropy, and structural strength. Compressive and shear tests demonstrate that polyether
ether ketone (PEEK) has good compressive and shear mechanical properties. The maximum com-
pressive stress of PEEK is 87.7% higher than conventional PTFE, and the shear strength of PEEK
is 6.07 times higher than that of PTFE. The research results can provide significantly greater wear
resistance and a lower friction coefficient of the spherical hinge structure, leading to lower traction
energy consumption and ensuring smooth and precise bridge rotation.

Keywords: swivel bridge; spherical hinge slider; lubrication coating; friction characteristics;
lubrication property

1. Introduction

The swivel bridge construction method, as an emerging bridge construction technol-
ogy, is being increasingly employed in bridge construction due to its significant advan-
tages [1–3]. Swivel bridge construction technology can adapt to the terrain of the bridge
location, erect brackets, and cast them on-site, and then swivel into position through the
spherical hinge structure [4]. The construction method is safe and convenient, and elimi-
nates the need for complex high-altitude operations, resulting in clear social and economic
advantages [5,6].

As the core structure of the swivel bridge, the spherical hinge structure mainly includes
upper spherical hinges, lower spherical hinges, and related components [7,8]. During the
rotation process of the bridge, the upper and lower contact surfaces of the spherical hinge
structure freely engage and rotate relative to each other under traction [9,10]. The friction
characteristics and lubrication properties between the upper and lower spherical hinge
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structure play a crucial role in determining the energy consumption needed by the traction
system and the success of the rotation [11]. Therefore, it is essential to control the friction
coefficient of the spherical hinge structure within a low and reasonable range.

The lubrication technology of spherical hinge structures has advanced significantly
alongside the progress in material science [12]. In the early stages of swivel bridge de-
velopment, limited by the material science at that time, the span and tonnage of swivel
bridges were small, and concrete was primarily used to construct the spherical hinge
structure [13–15]. Although concrete-based spherical hinge structures offered significant
cost-saving advantages in engineering, they have gradually fallen out of favor in the market
due to their high friction coefficient and low shear strength [16,17]. Currently, the spherical
hinge structures are produced with steel by professional manufacturers, which are trans-
ported to the site and then assembled on-site to reduce the friction coefficient and improve
the lubrication of the spherical hinge structure [18,19].

In the current steel-based spherical hinge structures, the combination of lubrication
coating and sliders is the key component to achieve lubrication of the spherical hinge
structure, as shown in Figure 1. The sliders are installed in the groove of the lower spherical
hinge and securely locked. It is then coated with a lubrication coating and remains in free
contact with the upper spherical hinge. Currently, this lubrication form and technology are
relatively mature in engineering practice, but there is a lack of relevant technical standards.
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Figure 1. Spherical hinge structure.

The spherical hinge slider is primarily composed of polytetrafluoroethylene (PTFE),
while the lubrication coating typically consists of butter mixed with PTFE powder. The
material composition of the lubrication coating and slider has been in use for decades
since the production of steel-based spherical hinges. However, with the increasing tonnage
of swivel bridges, the original lubrication coating and slider materials have started to
exhibit shortcomings and are unable to meet the corresponding lubrication requirements,
as outlined below:

(1) Although the PTFE slider exhibits a low friction coefficient, its compression and shear
properties are relatively poor and cannot meet the requirements of swivel bridges
with gradually increasing tonnage;

(2) The wear resistance of the PTFE slider is inadequate, and wear on its surface during
rotation significantly impacts the lubrication effectiveness of the spherical hinge slider;

(3) The processing accuracy of the PTFE slider is difficult to control, which further affects
the installation accuracy and causes unnecessary losses;

(4) Butter mixed with PTFE powder has poor wear resistance, extreme pressure and
dispersibility, and cannot meet the lubrication requirements of swivel bridges with
gradually increasing tonnage.

Therefore, exploring the friction characteristics and lubrication properties of spherical
hinge structures and selecting superior lubrication coating and slider material have gradu-
ally become urgent needs in swivel bridge engineering. At present, there is no research
on novel materials of spherical hinge lubrication coatings and sliders, but wear-resistant
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materials and technologies used in bridge-bearing sliding have made major breakthroughs
and developments [20].

Ala et al. investigated ultra-high molecular weight polyethylene (UMWP) and glass-
filled reinforced PTFE (GFR-PTFE) as bridge-bearing sliding. The tests confirmed that both
UMWP and GFR-PTFE can provide considerably greater wear resistance compared with
conventional plain PTFE, and can be used to increase service life when sliding surfaces are
subject to high movement speed and high contact pressure [21]. Quaglini et al. developed
and proposed a special sliding material, Xlide (R), to replace PTFE in bridge bearings. The
tests carried out on the special material show that lubricated with silicon grease, Xlide
(R) can support larger pressure levels and sustain longer ac-cumulated sliding paths than
PTFE does, and has a low coefficient of friction even at very low temperatures, out of the
range of the application of PTFE [22]. Deng et al. investigated the wear resistance of bridge
bearings made from ultra-high molecular weight polyethylene (UHMWPE) composite
material. Test results showed that the mechanical properties, prominent, creep resistance,
and wearing resistance of UHMWPE composite material are better than PTFE, so it is an
ideal wear composite material for high-speed railways and highway bridge bearings [23].
Dorafshan explored the coefficient of friction of bridge-bearing pads. Test results illustrated
that unlubricated and graphite-lubricated surfaces resulted in very high friction values,
whereas the values for soap, grease, and oil were comparably lower. The oil and grease
tests gave the lowest friction values, 0.90–4.04%, and 0.67–5.15%, for the studied contact
pressures, respectively, and are recommended for future use [24].

In this manuscript, lubrication and friction properties of spherical hinge structure are
investigated comprehensively from two aspects of spherical hinge lubrication coatings and
sliders. Firstly, the optimal friction coefficient of the spherical hinge is explored through the
finite element analysis method. Secondly, four lubrication coatings are prepared and tested
by a self-developed rotation friction coefficient test, four-ball machine test, and dynamic
shear rheological test to evaluate the lubrication property. Moreover, four spherical hinge
sliders are prepared and tested by a compression performance test and shear performance
test. The research results can provide significantly greater wear resistance and lower friction
coefficients of spherical hinge structures, leading to lower traction energy consumption and
ensuring smooth and precise bridge rotation. This provides technical support for swivel
bridges to transition towards larger tonnages.

2. Materials
2.1. Lubrication Coating

Spherical hinge lubrication coating consists of base grease and additives. At present,
lithium base grease mixed with polytetrafluoroethylene powder is usually selected due
to its excellent moisture resistance, extreme pressure, wear, and rust resistance. The base
grease used in this manuscript is a lithium base grease produced by Sinopec Lubrication
Oil Company (Chongqing, China), and its technical parameters are shown in Table 1. Poly-
tetrafluoroethylene powder was obtained from Fude Plastics Co., Ltd. (Mianyang, China),
and the technical parameters are shown in Table 2.

Table 1. Technical parameters of lithium base grease.

Technical Parameters Unit Test Results

Appearance N/A Faint yellow
Working penetration 1/10 mm 283

Drop point ◦C 197
Viscosity mm2/s 32

Four-ball-FALEX test PD N 576
Oil separation test % (100 ◦C 24 h) 1.4
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Table 2. Technical parameters of polytetrafluoroethylene powder.

Technical Parameters Unit Test Results

Average particle size mm 1.6 ± 0.6
Specific surface area m2/g ≥10
Friction coefficient N/A 0.06

Melting point ◦C 327 ± 0.6
Moisture content % ≤0.03
Molecular weight n/a 5000–15,000

In order to improve the friction resistance and environment adaptability of spherical
hinge lubrication coating, graphene, carbon nanotubes, and tungsten disulfide were se-
lected as additives. Graphene, carbon nanotubes, and tungsten disulfide were obtained
from Hongdachang Evolution Technology Co., Ltd. (Ganzhou, China) and Huajing Powder
Material Co., Ltd. (Changsha, China), and the technical parameters are shown in Table 3.

Table 3. Technical parameters of lubrication coating additives.

Lubrication Coating Additives Technical Parameters Unit Test Result

Graphene

Moisture content % ≤2
Specific surface area m2/g 50–200

thickness N/A 1–10
Bulk density g/ml 0.01–0.02

Carbon nanotubes

Specific surface area m2/g >233
Density g/cm3 0.27

Resistivity s/cm 100
Internal diameter nm 8–15
External diameter nm 3–5

length um 50

Tungsten disulfide

Density g/cm3 7.510
Flash point ◦C 1250

Moisture content % ≤0.08
Kinematic viscosity um 140

To improve the dispersion of additive powder, polyisobutylene butadiene imine
dispersant was adopted for spherical hinge lubrication material. The spherical hinge
lubrication material preparation procedure is detailed as follows.

Step 1: Heat the base grease to 25 ◦C for 30 min, mix different proportions of additives
directly into the base grease, and manually stir for 5 min.

Step 2: Mix the polyisobutylene butadiene imine dispersant into the lubrication
material, and immediately grind the base grease containing additives and polyisobutylene
butadiene imine dispersant 4 times on a three-roll machine.

Four spherical hinge lubrication materials, polytetrafluoroethylene spherical hinge
lubrication, graphene spherical hinge lubrication material, carbon nanotube spherical hinge
lubrication, and tungsten disulfide spherical hinge lubrication material, are named PTG,
GPG, CNG, and TDG, respectively.

2.2. Spherical Hinge Slider

As the key component of spherical hinge structure, sliders require sufficient pressure
bearing capacity, shear resistance, lubrication, and wear resistance. At present, solid PTFE
is commonly used for spherical hinge slider preparation. However, the PTFE slider has
been applied for many years, and with the continuous increase in swivel bridge tonnage,
higher demands are put forward for the compression and shear properties of the spherical
hinge slider. In this manuscript, solid polyphenyl sulfide, polyether ether ketone, and
ultra-high molecular weight polyethylene were used for spherical hinge sliders, which are
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defined as PPS, PEEK, and UHMWPE. The PTFE, PPS, PEEK, and UHMWPE sliders were
produced from Yingshen Plastic Co., Ltd. (Yingkou, China), Yuanhua Insulation Material
Co., Ltd. (Dongguan, China). The technical properties of four slider materials are presented
in Table 4.

Table 4. Technical parameters of spherical hinge sliders.

Technical Parameters Unit Test Result

Density g/cm3 2.1
Melting point ◦C 327
Specific heat cal−1g−1◦C−1 0.25

Thermal conductivity cal−1cm−1s−1◦C−1 6 × 10−4

Average wear rate % 2.31

Density g/cm3 1.35
Melting point ◦C 280

Thermal conductivity W/(k·m) 0.3
Ball hardness MPa 190

Dielectric strength KV/mm 17

Density g/cm3 1.32
Melting point ◦C 0.5

Thermal conductivity W/(k·m) 0.25
Moisture content % 0.5

Ball hardness MPa 90
Dielectric strength KV/mm 190

Density g/cm3 0.94
Melting point ◦C 136

Moisture content % ≤0.01
Average wear rate % 0.74

Softening temperature ◦C 134

3. Methods and Laboratory Tests
3.1. The Finite Element Method
3.1.1. Swivel Bridge Description

This study primarily focuses on the swivel bridge of the Xingfu highway which
crosses the existing Beijing–Harbin railway. The Beijing–Harbin railway is a I—Class line
connecting Beijing and Harbin in China. It is also one of the important passenger train
channels between China and Russia. Due to the fact that a tremendous amount of traffic
can only be interrupted for a short time during the construction process, the swivel bridge
construction method for the Xingfu highway was selected eventually. The swivel bridge is
a 50 m + 50 m prestressed concrete box girder with a variable height T-shaped rigid frame,
and the total weight is about 12,157.5 t. The rotation speed of the swivel bridge is designed
to be 0.02 rad/min, the rotation angle is 81.6◦, and the rotation procedure takes 71.2 min.
The swivel bridge design is shown in Figure 2.
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The swivel bridge is composed of a lower bearing table, spherical hinge, upper bearing
table, superstructure, and traction system. The lower bearing table is the foundation
supporting all the weight of the rotation structure. The lower bearing table, spherical hinge,
and upper bearing table jointly form the bridge foundation after the rotation process. The
lower bearing table is made of C50 concrete, and embedded with a lower spherical hinge,
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safety support feet, circular slider, and jack pads of the traction system. The spherical
hinge structure has a diameter of 3900 mm and a thickness of 40 mm. The spherical hinge
structure is divided into upper and lower pieces and is prepared with Q345 steel. The
length and width of the upper bearing table are both 14 m, and the height is 3 m. The
diameter of the turntable is 1080 cm, and the height is 80 cm.

3.1.2. Model Parameters

According to the design of the swivel bridge, the material of the main beam and main
pier is C50 concrete, and the upper and lower turntables are also made of C50 concrete.
Q345 steel was selected as the material of the upper and lower spherical hinge structure,
and the sliders were prepared through a hydraulic reverse die of PTFE. The nonlinear
elastic constitution model was selected for all materials in this manuscript, and the technical
parameters of the material are shown in Table 5.

Table 5. Technical parameters of materials of swivel bridge.

Material Elastic Modulus (MPa) Poisson’s Ratio Bulk Density (N/m3) Coefficient of Linear Expansion

C50 34,500 0.2 2200 0.00001
PTFE 1400 0.4 2500 0.00001
Q345 210,000 0.3 7800 0.00001

3.1.3. Swivel Bridge Model Establishment

The friction characteristics and lubrication properties of the spherical hinge structure
significantly impact the rotation process. A higher friction coefficient of a spherical hinge
structure can increase energy costs for bridge rotation and potentially lead to rotational
difficulties. Conversely, a lower friction coefficient can hinder normal bridge rotation,
making the superstructure unstable and prone to overturning or collapse, so it is very
critical to maintain the friction coefficient of the spherical hinge structure in a low and safe
range. Therefore, the paper established a vertical and deflective swivel bridge model for
investigating the optimal friction coefficient of the spherical hinge structure, as is shown
in Figure 3. To ensure solution convergence and calculation accuracy, finer meshing was
applied near the slider in the spherical hinge, while coarser meshing was used farther away.
The solid units utilized were Penta6 and Hex8, totaling 177,988 units.
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3.2. Rotation Friction Test

Due to the heavy load, slow rotation speed, and large rotation plane of the spherical
hinge structure, strict requirements are placed on the friction and wear characteristics of
spherical hinge lubrication coating. The rotation friction performance of four spherical
hinge lubrication coatings was investigated through a self-developed rotation friction
coefficient test and four-ball machine test.
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The self-developed rotation friction coefficient test (Figure 4) was adopted for mea-
suring the interface friction coefficient of laboratory horizontal rotation spherical hinges.
The self-developed rotation friction coefficient test adopts a modular design, including
a spherical hinge structure, loading system, and traction system, which can characterize
more accurately and reliably the friction state of lubrication coatings during the actual
swivel process. In order to control the spherical hinge lubrication coating film thickness,
the optimal oil film thickness of lubrication coatings was explored through a self-developed
rotation friction coefficient test. The experimental results show that the optimal oil film
thickness of lubrication coatings is 0.7 mm.
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Four-ball machine test was adopted for obtaining the wear spot diameter, average
friction coefficient, maximum non-bite load, and wear scar diameter of four lubrication
coatings. The MRS 10 four-ball machine used in this manuscript was produced through
Yihua Electromechanical Co., Ltd. (Hangzhou, China). The test applied pressure was
147 Pa, the torque was 1 Nm, the speed was 1450 r/min, and the temperature was 75 ◦C.
After the experiment, the final wear spot diameter was measured by a CMM-20 digital
microscope. The MRS 10 four-ball machine is shown in Figure 4.

3.3. Rheological Performance Test

The flow and deformation ability of lubrication coatings under external forces is
called the rheological properties of lubrication coatings. The rheological properties of
lubrication coatings determine the load-bearing capacity and lubrication characteristics. In
this manuscript, the MCR 302 Rheometer was employed for research. The plate rotation
mode was adopted for the thixotropic performance evaluation, the plate spacing was 1 mm,
and the shear rate gradually increased from 0.01 s−1 to 500 s−1. After constant shear, the
shear rate gradually decreased from 500 s−1 to 0.01 s−1. The storage modulus and loss
modulus were measured through a plate oscillation model with a testing spacing of 1 mm,
and a shear deformation of 0.01–150%.

3.4. Mechanical Property Test

To ensure the smooth and safe rotation of the swivel bridge, the contact between
the sliders and the upper-lower spherical hinge is crucial. During the construction of a
swivel bridge, the force exerted on the sliders is mainly a normal pressure perpendicular
to the surface of the sliders. During the rotation, the sliders are subjected to a tangential
shear stress due to the relative frictional motion between the upper and lower spherical
hinge. Moreover, dry friction may be generated between the upper spherical hinge and
sliders during the rotation, due to uneven application and compression loss of lubrication
coatings. This dry friction can lead to excessive local friction, severe wear, and failure of
the sliders, which has a negative impact on the smooth rotation of the swivel bridge, so the
compressive strength, shear resistance, and wear resistance of sliders are vitally important.
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In this paper, an electronic universal pressure testing machine (INSTRON 5985,
Figure 5) was adopted for evaluating the static compression and shear performance of
several slider materials. Through analyzing the stress–strain relationship curves of slider
materials, the quasi-static compressive and shear mechanical properties of sliders can be
obtained, which can provide guidance and reference for the selection of slider material
in practice.
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4. Results and Discussion
4.1. Numerical Analysis Results

When the deflection angle is 4◦, the deflection instability of the swivel bridge occurs
based on FEM, which indicates that the deflection angle of the upper structure should be
controlled within 4◦ during the actual rotation process. Von Mises stress nephograms of
the swivel bridge with 0◦, 1◦, 2◦, and 3◦ deflection angles are shown in Figure 6.
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From Figure 6, it is evident that the maximum Von Mises stress of the swivel bridge
with different deflection angles was generated on the spherical hinge, and it increased
significantly with the increase in the deflection angle. This showed that the spherical hinge
structure could perceive the deflection state of the swivel bridge. When the deflection angle
was 0◦, the mechanical characteristics of the spherical hinge structure were uniform and
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distributed in layers. As shown in Figure 7, the maximum Von Mises stress of the spherical
hinge structure was 17.84 MPa.
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Von Mises stress nephograms of the spherical hinge with different deflection angles
are shown in Figure 7.

When the swivel bridge deflected, the mechanical characteristics of the spherical hinge
structure changed, and the maximum Von Mises stress was generated on the side of the
rotation central axis of the spherical hinge structure. At deflection angles of 1◦, 2◦, and
3◦, the maximum Von Mises stress of the swivel spherical hinge structure was 22.87 MPa,
29.64 MPa, and 39.73 MPa, respectively, which was 28.2%, 66.1%, and 122.7% higher than
before deflection. The maximum stress changed greatly when the deflection angle shifted
from 2◦ to 3◦. At a deflection angle of 3◦, the maximum stress of the upper spherical
hinge structure’s concrete was 39.76 MPa, slightly exceeding the allowable stress of the
concrete compressive strength of 50 × 0.75 = 37.5 MPa. In this scenario, the structure was
already in a dangerous state, and the deflection angle should be controlled within 3◦ during
the rotation process. Due to the center of gravity shift caused by the upper structure’s
deflection, eccentric pressure was generated on the surface of the upper turntable, and
gradually increased with the deflection angle’s increase.

Contact pressure nephograms of a lower spherical hinge with different deflection
angles are shown in Figure 8.

From Figure 8, it is observed that the maximum contact pressure of a spherical hinge
with different deflection angles was generated at the edge of the contact between the upper
spherical hinge and the lower spherical hinge, and gradually increased with the deflection
angle’s increase. At the deflection angles of 1◦, 2◦, and 3◦, the maximum contact force
of the spherical hinge interface was 32.95 MPa, 40.01 MPa, and 53.55 MPa, respectively,
representing a 54.9%, 88.1%, and 151.8% increase compared to before deflection. As the
deflection angle increased, the contact pressure on the right side of the lower spherical
hinge gradually increased, while the contact pressure on the left side gradually decreased,
potentially indicating a center of gravity shift of the upper structure.

Through the analysis of the friction force of the lower spherical hinge in both the
longitudinal and the transverse direction at different deflection angles, it can be found that
the longitudinal friction force was negative, opposing the deflection direction, serving as
the anti-overturning force of the swivel bridge. The transverse bridge friction force of the
lower spherical hinge exhibited symmetrical distribution, equal in magnitude and opposite
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in direction, indicating that the solution model did not exhibit deflection in the transverse
bridge direction.
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In order to prevent such deflection accidents, supporting feet are set on the outer ring
of the spherical hinge. They can contact the base and transfer the eccentric pressure of the
deflection bridge. In this manuscript, the simplified mechanical analysis diagram of the
deflection swivel bridge is drawn in Figure 9.
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Figure 9. Swivel bridge and spherical hinge structure.

When the deflection angle was θ, the supporting feet just contacted the lower pile
cap. As the deflection angle exceeded θ, the supporting feet contacted the lower file cap,
and also provided a force to resist the overturning of the upper structure. The value of θ,
approximately 0.616◦, was calculated based on the spatial position of different components
of actual engineering. At a deflection angle of 0.616◦, the supporting feet contacted the
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lower pile cap, and the friction moment of the lower spherical hinge with different friction
coefficients was obtained based on the FEM, as shown in Table 6.

Table 6. The friction moment of the lower spherical hinge with different friction coefficients.

Friction Coefficient Average Specific
Friction Force (MPa)

Friction Moment
(Mf, MPa·m)

Deflection Moment
(Mp, MPa·m) Mp/Mf

0.01 N/A N/A N/A N/A
0.02 N/A N/A N/A N/A
0.04 0.0637 7600 7280 0.9579
0.06 0.0930 11,100 7280 0.6559
0.08 0.1240 14,800 7280 0.4919
0.10 0.1560 18,600 7280 0.3914
0.12 0.1880 22,400 7280 0.3250

It can be seen from Table 6 that the average friction force of the spherical hinge slider
gradually increased with the increasing friction coefficient, resulting in an increase in the
friction moment. When the friction coefficient reached 0.01 or 0.02, the upper structure
of the swivel bridge was overturned. This indicated that the friction force of the lower
spherical hinge was not sufficient to support the stability of the upper structure when
the friction coefficient was 0.01 or 0.02. At a deflection angle of 0.616◦ for the upper
structure, the center of mass had shifted, with coordinates X: 61.00701, Y: 3.060855 × 10−4,
Z: 1.448855 × 104, and the gravitational deflection moment of the upper structure could
be calculated as Mp = G × L = 7.28 × 103 KN·m. The ratio of the friction moment of the
spherical hinge structure to the gravitational deflection moment of the upper structure
under different friction coefficients is shown in Figure 10.
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Figure 10. Mp/Mf of the spherical hinge with different friction coefficients.

It can be seen from Figure 10 that the ratio of the deflection moment to the friction
moment changed with the variation in the friction coefficient. When this ratio equaled 1,
the corresponding friction coefficient was 0.031. It demonstrated that the minimum friction
coefficient required to maintain the stability of the deflected bridge is 0.031.

As the friction coefficient increased, the friction moment of the rotational spherical
hinge also increased, leading to improved stability of the bridge but requiring a higher
rotation traction. However, an excessive friction coefficient could lead to unbalanced
traction during the rotation process, resulting in rotational angular acceleration of the
swivel bridge and potentially causing the beam balance to break more easily. Therefore,
it is recommended to keep the friction coefficient of the spherical hinge structure within
a reasonable range. Based on the above discussion, the range of the friction coefficient is
defined as 0.1, so the optimum theoretical rotational friction coefficient of the spherical
hinge structure is 0.031–1.131.
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4.2. Rotation Friction Test Results

Rotation friction coefficient test results of four spherical hinge lubrication coatings
samples are shown in Figure 11.
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Figure 11. Rotation friction coefficient test results of four spherical hinge lubrication coatings. (a) PTG.
(b) GPG. (c) CNG. (d) TDG.

It can be seen from Figure 11 that the rotation friction coefficient of four spherical
hinge lubrication coatings initially decreased and then increased with the increase in
lubrication additive content. Through fitting the regression, the optimal content of four
lubrication additives, namely polytetrafluoroethylene powder, graphene, carbon nanotubes,
and tungsten disulfide, is 1.0%, 0.1%, 0.1%, and 2.3%, respectively.

Comparatively, it can be seen that only a small amount of graphene or carbon nan-
otubes is required to achieve a better lubrication effect compared to polytetrafluoroethylene
powder and tungsten disulfide. Furthermore, the standard error of the five sets of parallel
test results was within 7.9%, ensuring the accuracy and reliability of the results.

4.3. Four-Ball Machine Test Results

The friction coefficient test results of four spherical hinge lubrication coatings samples
are shown in Figure 12 and Table 7.
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Table 7. Friction parameters of four spherical hinge lubrication coatings.

Lubrication Coating
Wear Scar Diameter (mm) Friction Coefficient

Test 1 Test 2 AVG Test 1 Test 2 AVG

PTG 0.825 0.871 0.848 0.069 0.075 0.072
TDG 0.752 0.797 0.775 0.064 0.071 0.068
GPG 0.792 0.753 0.773 0.064 0.066 0.065
CNG 0.807 0.772 0.790 0.055 0.080 0.068

It can be seen from Figure 12 and Table 7 that the friction coefficient of GPG was
smallest at 0.065, while PTG exhibited the highest friction coefficient among the several
lubrication coatings at 0.072, marking a 9.1% increase compared to GPG. Moreover, the
friction coefficients of CNG and TDG were relatively close, both around 0.068, which was
5.6% lower than that of PTG.

Regarding the wear scar diameter, PTFE showed the largest value at 0.848 mm, while
GPG had the smallest wear scar diameter among the materials at 0.79 mm, marking a 16%
reduction compared to PTG. Furthermore, the wear scar diameters of TDG and CNG were
0.775 mm and 0.790 mm, which were 9.4% and 7.3% smaller than PTG, respectively.

In summary, the GPG, TDG, and CNG spherical hinge lubrication coatings exhibited
lower friction coefficients and wear scar diameters compared to PTG, indicating lubrication
performance. Particularly, GPG demonstrated the best wear resistance among the coatings.
The standard error of the five sets of parallel test results is within 6.8%, ensuring the
accuracy and reliability of the findings.

Analysis from Figure 13 revealed several observations about the lubrication coatings.
CNG lubrication coating exhibited discoloration compared with other coatings, attributed
to the generation of friction heat on its surface. PTG, on the other hand, displayed relatively
high surface roughness and numerous surface scratches, likely resulting from the movement
of friction particles during the friction process. This also indicates that the PTG lubrication
coating is relatively rough. There are many small scratches on the friction surface of TDG,
and a part of the coating surface is peeled off, indicating that the viscosity of TDG is
relatively high.

The maximum non-seize load of four spherical hinge lubrication coating samples is
shown in Figure 14 and Table 8.
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Table 8. Maximum non-seize load of four spherical hinge lubrication coatings.

Lubrication Coating
Last Non-Seizure Load (N)

Test 1 Test 2 AVG

PTG 412 431 421.5
TDG 490 470 480.0
GPG 451 460 455.5
CNG 451 470 460.5

The PB index refers to the maximum load at which a steel ball does not seize under
a lubrication environment at a certain temperature and speed. The PB value represented
the level of load prior to a sudden change in the diameter of the steel ball’s wear spot. The
higher the PB value, the better the lubrication performance of the lubrication coatings. As
is shown in Figure 14 and Table 8, the GPG, TDG, and CNG spherical hinge lubrication
coatings had higher maximum non-seize loads than PTG. The maximum non-seize load
of PTG and GPG is 421.5 N and 455.5 N, respectively. The maximum non-seize load of
GPG is 8.1% higher than that of PTG. The PB value of TDG is the largest among several
coatings, 480 N, which is 13.9% higher than PTG. The PB value of CNG is 460.5 N, which is
9.3% higher than PTG. The test results indicate that the load-bearing capacity of GPG, TDG,
and CNG spherical hinge lubrication coatings are improved in different degrees compared
with PTG, and the TDG spherical hinge lubrication coating has the most outstanding
load-bearing capacity.

4.4. Rheological Performance Test Results

The thixotropic test results of four spherical hinge lubrication coatings samples are
shown in Figure 15.

The ability of lubrication coating to flow or deform under external forces is termed
its rheological properties. As a non-Newtonian fluid, lubrication coating exhibits complex
rheological properties. Under low temperatures and small loads, the lubrication coating can
maintain a fixed form without flowing. However, at high temperatures or when shear stress
reaches the yield stress, the lubrication coating transforms from semi-solid to semi-fluid,
initiating flow.

The rheological properties of lubrication coating are crucial as they determine load-
bearing capacity and lubrication performance. As can be seen from Figure 15, the thixotropic
ring of PTG is the largest, followed by GPG, TDG, and CNG spherical hinge lubrication
coatings, with CNG exhibiting the smallest thixotropic ring. The test results indicate that
PTG has poor thixotropic performance, while GPG, TDG, and CNG show better thixotropic
properties, with CNG displaying the best thixotropic properties.

When subjected to shear stress, the highly intertwined soap fibers forming the surface
microstructure of the material may experience knot failure or fiber fracture, leading to a
significant decrease in the lubrication coating’s viscosity. Upon removing the shear stress,
the original damaged structure can recover to some extent through recombination, but this
recoverability is limited and depends on the speed of soap fiber recombination within the
microscopic skeleton. Test results demonstrate that CNG lubrication coating has the best
recovery speed.

Dynamic shear rheological test results of four spherical hinge lubrication coatings
samples are shown in Figure 16.

The storage modulus (G’) and loss modulus (G”), respectively, represent the vis-
coelastic properties of the lubrication coating. The storage modulus signifies the elastic
performance, while the loss modulus indicates the viscosity performance. When G’ > G”,
the lubrication coating primarily exhibits recoverable elastic characteristics and lubrication
performance. When G’ = G”, the dynamic phase transition point of lubrication coating is
reached, transitioning gradually from a semi-fluid state to a fluid state. The shear stress
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at the intersection can represent the structural strength of the lubrication coating. When
G’ < G”, the lubrication coating mainly displays irreversible viscosity properties.
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Figure 16 illustrates that the storage modulus (G’) and loss modulus (G”) of four
spherical hinge lubrication coatings decrease gradually with increasing strain. After passing
through a linear viscoelastic region, all four spherical hinge lubrication coatings enter a
nonlinear viscoelastic region. The storage modulus and loss modulus are completely
intersected, indicating a phase transition point where the semi-fluid state of lubrication
coating shifts to a fluid state. Prior to this point, the storage modulus of the lubrication
coating was generally higher than the loss modulus, emphasizing elasticity. After the phase
transition point, the loss modulus surpasses the storage modulus significantly, emphasizing
viscous properties.

Analyzing the structural strength of the lubrication coatings at the same temperature
reveals that PTG has the lowest structural strength compared to both CNG and TDG,
while GPG exhibits the highest structural strength. When the strain rates for PTG, GPG,
CNG, and TDG are 8.8%, 12.7%, 13.5%, and 12.2%, respectively, the storage modulus curve
and the loss modulus curve intersect. This indicates that the phase transition point of
PTG among these lubrication coatings is closest to the left, implying its elastic recovery is
the poorest.
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The apparent viscosity of four spherical hinge lubrication coatings samples under
shear conditions is shown in Figure 17.
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Figure 17. Apparent viscosity of four spherical hinge lubrication coatings samples.

The molecules of lubrication coating form a stable spatial structure through hydrogen
bonding and Van der Waals force connection. Lubrication coatings prepared with different
molecular groups form different intermolecular forces and spatial structures. It can be
observed in Figure 17 that the apparent viscosity of the four spherical hinge lubrication
coatings decreases as the shear time gradually increases. TDG exhibited the highest
apparent viscosity among the lubrication coatings, while PTG had the lowest apparent
viscosity. Specifically, when the shear time was 300 s, the apparent viscosity of PTG and
TDG was 1.67 Pa·s and 1.85 Pa·s, respectively. The apparent viscosity of TDG was 10.8%
higher than that of PTG. The apparent viscosity of GPG was 1.78 Pa·s, which was 6.6%
higher than PTG. The apparent viscosity of CNG was 1.76 Pa·s, which was 5.4% higher
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than PTG. Test results indicate that the viscosity performance of GPG, CNG, and TDG is
superior to that of PTG.

4.5. Mechanical Property Test Results

Quasi-static compression test results of four spherical hinge slider samples are shown
in Figure 18.
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As observed from compressive failure morphology, the four spherical hinge slider sam-
ples underwent significant deformation and exhibited a flattened cake-like form after 
compression failure. PTFE displayed several obvious and large cracks after the com-
pression failure, appearing in a scattered state, indicating poor viscosity under ulti-
mate pressure and insufficient plasticity, and potentially hindering the smooth 

Figure 18. Compressive property test results of four spherical hinge slider samples. (a-1) Com-
pressive failure of PTFE. (a-2) Stress–displacement curve of PTFE. (b-1) Compressive failure of PPS.
(b-2) Stress–displacement curve of PPS. (c-1) Compressive failure of PEEK. (c-2) Stress–displacement
curve of PEEK. (d-1) Compressive failure of UWHPEF. (d-2) Stress–displacement curve of UWHPEF.
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As observed from compressive failure morphology, the four spherical hinge slider
samples underwent significant deformation and exhibited a flattened cake-like form after
compression failure. PTFE displayed several obvious and large cracks after the compression
failure, appearing in a scattered state, indicating poor viscosity under ultimate pressure and
insufficient plasticity, and potentially hindering the smooth rotation of the swivel bridge
after the compressive failure of sliders. Conversely, PPS and UWHPEF showed no obvious
cracks after compression failure, maintaining a relatively smooth surface, suggesting good
adhesive properties and strong plasticity. Even after enduring ultimate pressure loads,
failed PPS and UWHPEF sliders may still retain some shape and structural integrity.

PEEK also exhibited cracks after compression, but its overall shape remained intact
with a relatively smooth surface. Compared with the compressive failure morphology, PPS,
UWHPEF, and PEEK are more conducive to the safe and smooth rotation of bridges than
PTFE sliders.

Examining the stress-strain curves of four spherical hinge slider samples, it is evident
that the maximum compressive stress of PTFE was 91.l MPa. The maximum compressive
stress of UWHPEF is 120.3 MPa, which is 32.1% higher than PTFE. PPS demonstrated a
maximum compressive stress of 127.8 MPa, marking a 40.3% increase over PTFE. PEEK
showcased a maximum compressive stress of 171 MPa, an 87.7% surge over PTFE. Notably,
all four materials met the specification for maximum compressive stress.

The pressure resistance properties of PPS, UWHPEF, and PEEK were improved com-
pared with conventional PTFE sliders. However, considering the failure form and com-
pression deformation, UWHPEF’s smoother surface comes with significant deformation
post-compression, necessitating very high UWHPEF sliders, which is not conducive to
construction and rotation. On the other hand, PEEK, being the hardest material, maintains
good surface morphology after compression, meeting the rotation requirements of large
tonnage swivel bridges. PEEK slider can remain in the linear elastic working stage under
maximum stress, which is an ideal compressive slider for swivel bridges.

Quasi-static shear property test results of four spherical hinge slider samples are
shown in Figure 19.
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As shown in Figure 19, it can be seen that the shear resistance of the PEEK slider was
better than that of PTFE. The shear strength of PEEK was 215 MPa, which was 6.07 times
higher than that of PTFE. PEEK had a hard texture and a smooth fracture, making it an ideal
slider material for extreme shear requirements of large tonnage swivel bridges. Compared
with PTFE, the shear strength of UWHPEF also had a certain improvement, reaching
139 MPa, which was 3.93 times the shear strength of PTFE. However, from the perspective
of damage form, the texture of UWHPEF was soft, and it could be pushed out during the
shear process, damaging the overall structure of the slider and hindering the normal and
orderly rotation of the swivel bridge. The shear resistance of PPS was higher than PTFE, up
to 132 MPa, which was 3.39 times that of PTFE. The shear deformation of PPS material was
better than that of PTFE, but there was still a possibility of warping, hindering the rotation
procedure. It could be concluded that the shear strength of PPS, UWHPEF, and PEEK was
much higher than that of PEEK, and PEEK was more suitable for large tonnage bridges to
improve the shear resistance of sliders.

5. Conclusions

PTFE has been the state-of-the-art material for spherical hinge slider and lubrication
coating for over 20 years, due to its exceptionally low friction. However, recent advance-
ments in bridge design and the growing tonnage of swivel bridge construction have
imposed more stringent requirements on friction characteristics and lubrication properties
that are no longer matched by PTFE. Therefore, four lubrication coatings and spherical
hinge slider materials were developed and proposed to replace PTFE in a spherical hinge
structure. The research results can provide significantly greater wear resistance and lower
friction coefficient of spherical hinge structure, leading to lower traction energy consump-
tion and ensuring smooth and precise bridge rotation. This provides technical support for
swivel bridges to transition towards larger tonnages. The main conclusions are as follows.
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(1) The finite element analysis of the swivel bridge illustrated that the optimum theoretical
rotation friction coefficient of the spherical hinge structure was 0.031–1.131, which
was approximately consistent with the results of the rotation friction coefficient test;

(2) The self-developed rotation friction coefficient test results showed that the optimal con-
tent of four lubrication additives, namely polytetrafluoroethylene powder, graphene,
carbon nanotubes, and tungsten disulfide, was 1.0%, 0.1%, 0.1%, and 2.3%, respectively;

(3) The four-ball machine test results indicated that the friction coefficient of GPG was
9.1% lower than that of PTG, and the maximum non-seize load of GPG was 8.1%
higher than that of PTG. Adding a small amount of graphene to the base grease could
reduce the friction coefficient and increase the wear resistance of lubrication coating;

(4) The rheological performance test results showed that the apparent viscosity of GPG
was 1.78 Pa·s, which was 6.6% higher than PTG. The strain at the phase transition
point of GPG was 12.7%, which was 8.8% higher than PTG, and had better rheological
properties and thixotropic performance. GPG is an ideal lubrication coating for
swivel bridges;

(5) Compressive and shear property test results demonstrated that the maximum com-
pressive stress of PEEK was 171 MPa, which was 87.7% higher than PTFE, and the
shear strength of PEEK was 215 MPa, 6.07 times higher than that of PTFE. PEEK
exhibits good compressive and shear properties, making it suitable for sliders of large
span and large tonnage swivel bridges.
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