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Abstract

Brake disc fastening bolts endure complex thermomechanical loads and are susceptible to
loosening during emergency braking, making comprehensive analysis of their thermome-
chanical response and failure mechanism critical. This study developed and experimentally
validated a thermal-mechanical coupling model for a C/C-5iC axle-mounted brake disc
system, investigating the bolt’s thermodynamic responses under emergency braking at dif-
ferent initial speeds and pressures. During the emergency braking process, a non-uniform
temperature field and deformation field are generated in the bolt, causing it to bend slightly
towards the brake flange. Significant stress concentration consistently occurs at the root of
the first engaged thread, identifying it as the critical region for loosening initiation. Higher
initial speeds elevate bolt maximum temperature and equivalent stress. Under 400 km/h
emergency braking condition, the bolt reaches a maximum temperature of 159.91 °C, a
maximum equivalent stress of 849.00 MPa, and a stress amplitude of 98.66 MPa. Braking
pressure also exerts significant effects. The optimal strategy for a 400 km/h emergency
braking is determined as follows: a braking pressure of 26 kN is applied when the speed
exceeds 300 km/h, and 28 kN when the speed drops below 300 km/h. With this strategy;,
the bolt’s maximum temperature, maximum equivalent stress, and stress amplitude are
reduced by 17.02%, 1.41%, and 4.33%, respectively.

Keywords: emergency braking; fastening bolt; full-scale bench test; thermal-mechanical
coupling; loosening mechanisms

1. Introduction

With the continuous development of high-speed railway technology, the operating
speed of trains has been increasing. In emergency braking conditions, a train may begin
decelerating from an initial speed as high as 400 km/h. During this process, a substantial
amount of kinetic energy must be reliably dissipated within an extremely short time [1,2],
imposing more stringent performance requirements on key components such as the brake
disc [3,4]. As the core connecting element of an axle-mounted brake disc, the service perfor-
mance of the fastening bolts directly determines the integrity of power transmission and the
safety of the braking process. During braking, the immense kinetic energy is converted into
thermal energy, leading to high transient temperatures and thermal stress in the brake disc.
Simultaneously, external vibrational excitations transmitted through the axle subject the
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bolts to more unstable mechanical loads [5-7]. Under extreme conditions like high-speed
emergency braking, intensified thermal stress fluctuations combine with high tempera-
tures [6-10], complex mechanical loads [11], and severe vibration [12]. These combined
factors can lead to bolt loosening. Therefore, an in-depth study of the thermodynamic
response of fastening bolts during the braking process is of great significance for revealing
their loosening mechanisms and ensuring the braking safety of high-speed trains.

Researchers have primarily relied on experimental testing [13,14] and numerical sim-
ulation [15,16] to dissect the problem, with key findings often attributed to alternating
external mechanical loads and thermal-induced preload relaxation [17]. The underlying
loosening mechanism is highly dependent on the characteristics of the applied load, includ-
ing its direction, amplitude, and frequency [18-20]. Furthermore, in elevated temperature
environments or under significant thermal gradients, thermal loading can also precipitate
preload relaxation. This thermal effect manifests through the following two principal
pathways: thermal stresses arising from the differential thermal expansion between the bolt
and the joined components [21-23], and continuous preload attenuation due to material
creep at high temperatures [24]. However, the fastening bolts in the brake disc system are
consequently subject to coupled thermomechanical loading, substantially elevating the risk
of loosening failure.

Current EMU designs utilize cast steel axle-mounted brake discs. Prior studies have
explored the thermomechanical behaviour of the brake disc bolts via both experimental
testing and numerical simulation. Qu et al. [25] measured that the variation range of the
axial load of bolts can reach up to 59.4 kN under 280 km/h emergency braking condition.
Fan et al. [26] observed periodic bolt load fluctuations during actual train operation, and
pointed out that the variation period is related to the speed of trains. Numerical simulations
reveal that obvious temperature gradients in the brake disc along the radial and thickness
directions is the main reason for the changes in the axial and transverse loads of bolts,
and thus the changes in stress [27]. Shen et al. [28] demonstrated that external vibration
excitation will amplify the bending stress of the bolt. Zhou et al. [29] found that there
is a serious stress concentration on the bolt thread through a threaded model, which is
consistent with the actual location where fatigue cracks or fractures occur.

However, due to the small heat capacity and large expansion coefficient of metallic
materials, cast steel brake discs have almost reached their limit when used in high-speed
trains with a speed of 300 km/h and are no longer applicable at higher speeds [30,31]. By
contrast, Carbon/Carbon-Silicon Carbide (C/C-SiC) composites, featuring excellent high-
temperature thermal stability, good wear resistance, and low density, are now preferred
for next-generation high-performance brake discs in high-speed trains [32-34]. At present,
C/C-5iC has found applications in the aerospace field. Zhao et al. [35] identified that the
thermal expansion mismatch between hybrid CMC and high-strength bolts is the main
reason for the change in the axial load of bolts, which in turn leads to structural thermal
failure. Current research on high-speed train C/C-SiC brake disc focuses primarily on disc
body, while research on the bolts equipped with C/C-SiC brake disc is relatively scarce.
Liang et al. [36] reported that the surface temperature of C/C-SiC brake discs was 200 °C
higher than that of the cast steel discs, which may compromise the safety and performance
of both the brake system and adjacent components. Yang et al. [37] reported the maximum
temperature rise in C/C-5iC brake disc is 869.90 °C during braking.

Therefore, this study develops a thermal-mechanical coupling simulation model, vali-
dated through full-scale brake bench testing, to systematically analyze the behaviour of
fastening bolts in C/C-SiC axle-mounted brake discs under emergency braking conditions,
and investigates the effects of initial braking speed and braking pressure on the bolt’s maxi-
mum temperature, peak equivalent stress, and stress amplitude. To achieve these objectives,
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the paper proceeds as follows: Section 2 presents the full-scale braking test and its mea-
surement methods, providing experimental data for model validation; Section 3 establishes
and validates the thermal-mechanical coupling finite element model with detailed mesh
and boundary condition optimizations; Section 4 analyzes the bolt’s thermomechanical
response and reveals its loosening mechanism; Section 5 explores how initial braking speed
and brake pressure influence the bolt’s response and loosening behaviour; and Section 6
summarizes key conclusions. The findings of this work provide theoretical support and
data references for assessing the loosening risk of fastening bolts in C/C-SiC brake disc
system and for selecting appropriate braking pressure at the 400 km/h level.

2. Full-Scale Bench Test
2.1. Experiment Setup

Emergency braking tests of C/C-5iC axle-mounted brake disc was carried out on
the full-scale braking dynamic test bench for high-speed trains (manufactured by RENK
GmbH, Augsburg, Germany; installed in Zhuzhou, China). The test bench consists of the
following three main parts: a test chamber, a flywheel system and a motor, as shown in
Figure 1a. The motor accelerates the flywheel set to the required speed, and it can also be
used as an additional brake or to simulate additional mass. During the test, cold air at a
certain speed is continuously input into the test chamber to accelerate the heat dissipation
of the brake disc system.

555 ___Sii':r!—-_

C/C-SiC brake disc

Flywheel system

Figure 1. Experiment setup: (a) full-scale test bench; (b) C/C-5iC axled-mounted brake disc speci-
mens; (c) data acquisition instrument and data transmission cable.

The setup inside the test chamber is shown in Figure 1b. The test sample consists of
rotating components (axle and brake disc) and non-rotating components (brake calliper and
brake pad). The motor is started to drive the axle and brake disc to rotate until the expected
operating speed is reached, and then the emergency braking programme is activated to
make the brake pad contact with the brake disc so as to achieve the braking purpose.
The data transmission cables used in the experiment were fixed to the rotating shaft with
cable ties and connected to the built-in data acquisition instrument of the equipment, as
illustrated in Figure 1c.

2.2. Measurement

To detect the temperature of the brake discs and the axial force and temperature of
the fastening bolts changes during the braking process, the measuring points as shown
in Figure 2 were arranged on the test bench. The test method for the temperature of the
brake discs refers to the standard UIC 541-3 [38]. Six measuring points are symmetrically
arranged 1 mm below the friction surfaces of both sides of the disc body, with three K-type
thermocouple probes arranged at each surface as temperature measuring points, and each
point is 120° apart from each other. A total of 9 fastening bolts are used for axle-mounted
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brake discs, which can be classified into the following three categories in the test: original
bolts, temperature measuring bolts and axial force measuring bolts. To ensure the reliability
of the test data, three bolts are used for each type, and the included angle between the same
type of bolts is 120°.

@ Temperature measurement point
on the front side of disc

@ Temperature measurement point
on the back side of disc

O Temperature measuring bolt

O Axial force measuring bolt

O Original bolt

Figure 2. Arrangement of measuring points.

As shown in Figure 3, based on the principle of the Wheatstone bridge, four high-
temperature resistant strain gauges are grouped in pairs and adhered respectively along
the axis and the vertical axis of the axial force measuring bolts. This scheme can eliminate
the interference of bending loads and measure more sensitive tensile load signals [26]. The
K-type thermocouple probe for temperature measuring is arranged on the surface of the
bolt shank, 42 mm away from the bolt head. The heads of the test bolts are all machined
with through holes by electrical discharge machining to facilitate the passage of sensing
wires and connection of the signal receivers. Both the strain gauges and thermocouples are
bonded with high-temperature adhesive, which ensures good stability.

Strain |
gauges | |

(L.

Figure 3. Bolts arrangement: (a) test specimens; (b) axial force measuring bolt; (c) temperature
measuring bolt.

3. Thermal-Mechanical Coupling Model and Validation
3.1. Modelling Establishment

The C/C-5iC axle-mounted brake disc system comprises a hub, a pressure ring, a disc
body, a rubber ring, and a bolt assembly, including a bolt, bushing, and nut. Given the
circumferential symmetry of the system confirmed in previous studies, this study focuses
on a representative 1/9 segment (with a circumferential angle of 40°), as shown in Figure 4a,
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while the corresponding cross-sectional assembly view is displayed in Figure 4b. The disc
body has an inner diameter of 266 mm and an outer diameter of 640 mm, with an average
friction radius of 270 mm. The bolt has a nominal diameter of 14 mm, a designed length of
101.50 mm, a standard pitch of 2.0 mm, and a threaded section length of 40 mm.

: Wheel hub
Bolt C/C-SiC disc

B8 Rubber ring M Bushing
Bl Pressure ring Ml Nut

Section A

(b)

() (d)

Figure 4. Model of C/C-SiC axle-mounted brake disc system: (a) geometric model; (b) assembly
section; (c) finite element model; (d) bolt and nut models.

The 3D model of the brake disc system was meshed using the professional meshing
software HyperMesh 2019, as shown in Figure 4c. The model is dominated by hexahedral ele-
ments, with a small number of wedge elements only used in transitional geometric areas when
necessary to ensure mesh integrity. The model has a total of 57,713 nodes and 47,118 elements,
including 735 wedge elements. The disc body alone contains 23,964 elements.

To ensure the accuracy of the finite element model calculations, a mesh sensitivity
analysis was conducted. However, excessive mesh refinement leads to high computational
costs. Therefore, mesh convergence analyses were performed separately for the brake
disc body and fastening bolt to determine the dependence of simulation results on mesh
size. Comparing the temperature results of the brake disc with mesh sizes of 2.0 mm,
3.0 mm, and 4.0 mm, as shown in Figure 5a, the temperature-time curves for the three
mesh sizes are stable and nearly identical, but the solution times are 15.6 h, 9.2 h, and 7.8 h,
respectively. Considering the balance between computational efficiency and result accuracy,
a mesh size of 3.0 mm was selected as the optimal mesh size for the disc body for the finite
element simulation.

Given that stress concentrations occur predominantly at thread roots in bolted connec-
tions, especially at the root of the first thread [39,40], and bolt fractures typically initiate
there, the thread section requires refined meshing. The models of bolt and nut retain the
thread lead angle feature. Comparing the stress results of bolt models with different mesh
sizes after preload application via the dynamic relaxation method as shown in Figure 5b,
the stress results of models with thread mesh sizes of 0.1 mm, 0.2 mm, and 0.4 mm are
nearly identical, with a maximum error of 2.50%, and all converge rapidly. This indicates
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that the mesh size has no significant effect on the bolt stress response. Therefore, based
on computational efficiency, a mesh size of 0.4 mm was selected for the thread sections,
as shown in Figure 4d, which is sufficient to capture the geometric features of the threads
while reducing the number of elements and shortening the solution time.
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Figure 5. Mesh convergence analysis: (a) mesh size of brake disc body; (b) mesh size of bolt thread.

The element integration type adopted in this model is Type 1 constant stress solid
element, which is based on the principle of single-point Gauss integration. Stress and
strain are calculated at the centroid of the element, and the stress and strain distribution
inside the element remains constant, which can well meet the demand for fast and accurate
solution of the overall model of the brake disc system in this study. Meanwhile, the model is
equipped with hourglass control of Type 4 Flanagan-Belytschko stiffness form. This control
method suppresses hourglass deformation by introducing artificial stiffness, which can
effectively avoid calculation errors caused by zero-energy modes and ensure the reliability
of simulation results.

The thermophysical properties of materials are crucial for thermal-mechanical cou-
pling simulation. The bolts are made of superalloy GH2132, which has more stable mechan-
ical properties in high-temperature environments compared with general alloy materials,
as listed in Table 1. It can be seen that the strength of the material generally shows a
downward trend with the increase in temperature. Compared with the room tempera-
ture environment, the elastic modulus, initial yield strength, and ultimate tensile strength
decrease by 18.69%, 33.72%, and 28.44% respectively at 500 °C.

Table 1. Mechanical properties of GH2132 at different temperatures.

Temperature Elastic Modulus Initial Yield Strength  Ultimate Tensile Strength

(@) (MPa) (MPa) (MPa)
20 211,175.38 1080.70 1103.02
100 202,501.00 1018.27 1069.98
200 189,821.91 938.56 1073.92
300 195,271.82 890.85 1057.34
400 183,780.78 802.02 937.36
500 171,704.87 716.24 789.34

The thermophysical properties of C/C-S5iC composites [37,41] and GH2132 at different
temperatures are showed in Figure 6a,b. Both materials exhibit similar trends in thermal
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expansion coefficient (CTE) and thermal conductivity with increasing temperature, but the
values of the bolt materials are significantly higher than those of C/C-SiC.
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Figure 6. Temperature-dependent material properties: (a) CTE and thermal conductivity of GH2132;
(b) CTE and thermal conductivity of C/C-SiC.

3.2. Modelling Settings

To conduct an in-depth analysis of the thermomechanical response of the fastening
bolt for C/C-SiC axle-mounted brake disc system under the 350 km/h emergency braking
condition, appropriate simplifications were made to the finite element model in this study,
with the following basic assumptions proposed:

(a) The pressure of the brake pads is always uniformly applied to both sides of the
brake disc;

(b) All kinetic energy is converted into thermal energy, which is entirely absorbed by
the brake disc and brake pads;

(c) The heat loaded on the two friction surfaces of the brake disc is equal and uniform.

The configuration of boundary conditions and applied loads for the finite element
model is presented in Figure 7. For the boundary condition setting of the model, cyclic
symmetry constraints are applied to both circumferential sides of the brake disc to ensure
the circumferential symmetry of the model. A fully fixed constraint is applied at the wheel
hub to completely limit the translational and rotational degrees of freedom of the wheel
hub, thus simulating the interference fit between the wheel hub and the axle in line with
the actual working state.

Pressure Heat flux

Cyclic
symmetry

Cyclic
symmetry

Fixed

Figure 7. Boundary conditions of the brake disc system.
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During the braking process, the brake pad clings to the brake disc, and the kinetic en-
ergy is converted into thermal energy through the friction pair. For the thermal-mechanical
coupling simulation, the input heat flux is calculated via the energy conversion method
based on the above assumptions, and the calculation formula for the input heat flux density
on each side of the brake disc is as follows:

—aM(vg + at)

q(t) = n——"p 7 (1)
where 7 is the heat flux absorption rate of the brake disc, A is the friction surface area of
the brake disc, M is the axle load, a is the braking acceleration, vy is initial braking velocity
of the train, and 7 is the number of brake disc assembled on each axle.

Under the 350 km/h emergency braking condition, the relevant braking parameters
are shown in Table 2. According to the requirements of the standard TJ/CL 310-2014 [42],
when the train speed is higher than 300 km/h, the braking force needs to be applied in
two stages. Based on this control strategy, the heat flux density calculated by the energy
conversion method also presents a piecewise function form. In addition, at the initial stage
of braking, the brake pad and the brake disc undergo a gradual fitting process. Before the
brake pad pressure reaches 95% of the stable effective value, the train will experience a
coasting distance; this coasting time varies with the system design and specific working
conditions, and is usually set as 2 s. Under this simulation condition, the calculated braking
distance of the train is 5699.55 m, which meets the relevant specification requirements for
the emergency braking distance.

Table 2. Parameters of 350 km/h emergency braking.

Initial

Final Brake Average Time

Stage Speed Speed Force Acceleration Cost Heat f‘ll\l;/);n]:z)f nsity
(km/h) (km/h) (kN) (m/s?) (s)
1 350 300 18 —-0.72 23 743243 [97.22 — 0.72(t — 2)]
2 300 0 32 —0.94 90 9703.45 [83.33 — 0.94(t — 23)]

In the thermal-mechanical coupling simulation, the following three basic modes of
heat transfer need to be considered: heat conduction within components, heat convection
caused by fluid motion, and thermal radiation. According to the experimental study
by Fukuoka [43], there are three types of thermal contact relationships in the C/C-5iC
axle-mounted brake disc system, which are:

(a) Pressure-dependent thermal contact model of the same material: the contact
relationship between bolts or nuts and other metal connected components;

(b) Pressure-dependent thermal contact model of different materials: the contact
relationship between C/C-SiC brake disc and other metal connected components;

(c) Clearance-dependent thermal contact model: the heat exchange relationship exist-
ing in the small gap between bolts and connected components.

Meanwhile, Fukuoka assumed that the heat flow through the clearance is the result
of the combined effect of air conduction, convective heat transfer, and radiative heat
dissipation. The relevant empirical formulas are as follows:

he = 10° [clA(P/Hy)%/R;” + /R, @)

t

)| ©)
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A
he == + hcv + h}’/ (4)

58’
. o(T?+T3)(Th + T») -

" /e +(A/Ay)(1/ e —1)

where P is the contact surface pressure, R;, is the arithmetic mean of the surface roughness
of the contact surface, H, is the Vickers hardness of the contact surface, A, is the heat transfer
coefficient of air, J; is the gap size, c1, 2, c3, ¢4, c5, M1, my, n1, n are all dimensionless
coefficients, h¢, is the convective heat transfer coefficient, /4, is the radiative heat transfer

coefficient, ¢ is the Stefan—-Boltzmann constant, ¢; and ¢, are the radiation coefficients of the
contact surface, A; and A; are the contact areas, and T; and T, are the contact temperatures.

3.3. Modelling Validation

The temperature recorded by the experimental equipment system represents the aver-
age temperature of all measuring points. Therefore, temperature data used for calculation
are obtained from identical positions on the brake disc, and the comparison results are
shown in Figure 8. From the image, the average temperature of the brake disc in the
simulation and the experiment has good consistency.

800
600 £
(70.55,695.01°C) '
— ! (84.55,699.40°C)
@]
T
2
< 400 -
[
a,
=)
o
=
200
65 70 75 80 85 90
—— Simulation result
—@— Experiment result
0 1 . 1 , 1 . 1 . 1 . 1
0 20 40 60 80 100 120
Time(s)

Figure 8. Comparison of experiment and simulation temperature results for brake disc.

As shown in Figure 9a, at the initial stage of braking (t = 5 s), the frictional contact
between the brake pads and the brake disc remains unstable in the actual braking exper-
iment, and varying friction units cause light bands of different diameters appear on the
brake disc. In contrast, the simulation model applies heat flux density uniformly across
the brake disc surface, resulting in the absence of narrow light bands. Consequently, the
simulated temperature is slightly higher than that recorded in the experiment.

When the braking enters the second stage (t = 24 s), the heat distribution on the surface
of the brake disc is uniform, and the temperature at the heat dissipation ribs is obviously
lower than that of the friction surface, as shown in Figure 9b. At this time, inflexion points
emerge in both average temperature curves. This phenomenon is attributed to a sudden
increase in brake force during the experiment, which leads to a notable decrease in the
average acceleration of the brake disc. In the simulation, the heat flux density increases
abruptly, resulting in a rapid accumulation of heat within a short time period. Experimental
results show that the brake disc temperature curve reaches its peak at 84.5 s, which is
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699.40 °C; in the simulation, the peak average temperature on the brake disc surface occurs
slightly earlier, reaching 695.01 °C at 70.5 s. The difference between the peaks of the
two average temperature curves is 4.39 °C, with a relative error of 0.63%. After that, the
temperature of the brake disc gradually decreases.

(@)

(b) (©)

Figure 9. Comparison of temperature distribution nephograms of C/C-SiC brake disc: (a) t=5s;
(b)t=24s;(c)t=113s.

At the end of braking procedure (t = 113 s), the temperature distribution on the brake
disc surface is no longer uniformly ring-shaped but shows a regular wave-like pattern
along the edge of the ring. The inward concave regions of the waves correspond to the
positions of the heat dissipation ribs, as shown in Figure 9c.

The temperature and axial load of the bolt are calculated by selecting measurement
points at corresponding positions on the bolt, and the results are shown in Figure 10.
During the braking process, the temperature of the fastening bolt consistently increases,
while the axial force initially rises and subsequently decreases. However, the simulation
results are generally higher than the experimental results. The heat source for the bolts
mainly originates from thermal conduction from the brake disc. In the early stage, the
majority of the generated heat accumulates on the surface of the brake disc, with only a
small fraction being transferred to the bolt. Consequently, the temperature rise in the bolt is
significantly lower than that of the brake disc, reaching 36.64 °C and 37.79 °C respectively.
However, the temperature curve of the fastening bolt still shows an upward trend at the
end of braking. During braking, the axial force of the bolt increases initially with the peak
loads of 76.87 kN and 77.78 kN respectively. Thereafter, the axial force gradually decreased
and still showed a downward trend at the end of braking.

The error comparison of the average temperature of the brake disc surface, the bolt
temperature and the axial force between the experimental and simulation results is shown
in Table 3. The data indicate that the average relative error is small, so the simulation model
is considered effective and reliable.
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Figure 10. Comparison of experiment and simulation temperature and axial force results of bolt.

Table 3. Error between experiment and simulation results.

Disc Temperature Bolt Temperature Bolt Axial Force
O Q) (kN)
max 113 s 113 s O0s max 113 s
Experiment 699.40 667.21 96.55 61.14 76.87 74.06
Simulation 695.01 637.54 97.79 63.55 77.78 75.82
Error 0.63% 4.45% 1.18% 3.94% 1.18% 2.38%
Mean error 8.57% 7.59% 5.48%

4. Thermomechanical Response of Fastening Bolt
4.1. Temperature

The curves of the maximum temperature of each component in the brake disc system
varying with time are shown in Figure 11. In the early stage of braking, the system heat is
predominantly accumulated on the surface of the brake disc, with minimal heat transferred
to other components, resulting in a relatively slow temperature rise in this period. After
entering the second stage of braking, the brake disc surface continues to receive a large
amount of heat input, and at the same time, the heat is further transferred to the interior of
the structure. The wheel hub and the pressure ring are in direct frictional thermal contact
with the brake disc, resulting in a faster temperature rise; the bushing is arranged between
the fastening bolt and the brake disc body, which plays a certain heat insulation role, and
its temperature rises is slightly higher that of the fastening bolt. The simulation results
indicate that the maximum temperature of the brake disc friction surface reaches 701.36 °C
during braking, while the maximum temperatures of the other components all appear at the
end of braking. Among them, the maximum temperatures of the wheel hub and pressure
ring are close, being 127.89 °C and 127.75 °C respectively; the maximum temperature of
the bushing is 111.16 °C, which is slightly higher than that of the fastening bolt, which is
100.90 °C; the maximum temperature of the nut is the lowest, only 67.14 °C.
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Figure 11. Time history curves of maximum temperature of each component.

The temperature distribution nephograms of the fastening bolt at different moments
under 350 km/h emergency braking condition are shown in Figure 12. As time progresses,
the temperature gradient distribution of the fastening bolt becomes increasingly obvious.
Since the temperature of the C/C-5iC brake disc body remains consistently higher than that
of other components during braking, the high-temperature area of the bolt also appears
near the brake flange. In terms of temperature distribution characteristics, the bolt has
significant temperature gradients both along the axial and transverse directions: along the
axial direction, the temperature gradually decreases from the middle of the bolt toward
both ends; in the cross-section, the temperature gradually decreases from the end near the
friction surface to the end close to the hub.

Temperature Temperature Temperature
6.019X 10 6.230X10 I 1.002X 102
6.015X10:. 6.189X10:l 9.411X10 _!
6.012X10 _ 6.147X10_ 8.732X10 _
6.008X10 _ il 6.105X10_ 8.053X10 _
6.005X 10 Hu 6.064X 10 7.373X10
6.002X10 —l H: 6. 022X10—l 6.694X10 :H
5.998X10 :. E:L 5. 981X10:. 6.015X10 _!
(a) (b) (0)

Figure 12. Temperature distribution nephograms of fastening bolt at different moments: (a) t=5s;

(b)t=24s;(c)t=113s.

4.2. Deformation

According to the thermophysical properties of the fastening bolt material (Figure 6a)
that the bolt tends to thermally expand in a high-temperature environment, the signifi-
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cant temperature gradients on the bolt directly lead to variations in deformation across
different regions.

As shown in Figure 13, the displacement nephograms of the boltatt=0sand t =113 s
show clear boundary in the screw part, which is the cross-section where the preload is
applied in the simulation model. The axial displacements of the bolt are opposite on both
sides of this cross-section, both pointing to the preload cross-section, and the maximum
axial displacements occur near the cross-section. The designed length of the fastening bolts
equipped with this type of C/C-5iC axle-mounted brake disc is 101.50 mm. After applying
the preload, the length of the bolt is reduced to 101.29 mm, and at the end of the braking
process, the fastening bolt elongated by 7.87 um along its axis. The nominal diameter of
the bolt is 14.00 mm, and after one emergency braking, the average diameter of the preload
cross-section increases by 6.58 pm. This indicates that during a braking process, the bolt
as a whole shows a trend of elongation along the axial direction and outward expansion
along the radial direction of the cross-section.

Resultant Displacement Resultant Displacement
2.453X10" 2.592X10"
2.073X10":I 2.171X10*‘]
1.693X107" 1.751 X107 _
1.312X107" - 1.331 X101 _
9.318X102 9.110X102_
5.514X10‘2_‘T 4.909 X102
1_711)(10*2] 7.074X10—3:I
(a) (b)

Figure 13. Deformation nephogram of fastening bolt at different moments: (a) t=0s; (b) t =113 s.

Compared with the initial state, the displacement nephogram of the bolt at 113 s
is no longer symmetric about the preload cross-section, but shows slight bending and a
slight bulge along the radial direction of the brake disc. This is because the heat is mainly
accumulated in the brake disc in the early stage of braking, and the brake disc has a trend of
expanding outward along its radial direction. At this time, the bolt tends to be eccentrically
connected, resulting in a small amount of bending deformation. In the late braking stage,
heat is conducted from the disc body to the wheel hub and pressure ring. At this time, the
temperature gradient of the bolt is gradually obvious, leading in uneven thermal expansion
and bending to one side, increasing the amount of bending deformation. This further
exacerbates the eccentric loading condition of the fastening bolt, and the preload of the bolt
also starts to decrease accordingly.

4.3. Loosening Mechanism

The equivalent stress distribution nephogram of the bolt at 0 s, immediately after
the preload is applied, is displayed in Figure 14. As can been seen, cross-sections were
selected at different positions along the axial direction of the bolt with its tail end as the
starting point, and the maximum equivalent stress of each cross-section was extracted. The
results show that after the preload is applied, the maximum equivalent stress is 770.81 MPa,
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located at the root of the first thread where the bolt engages with the nut. This finding
aligns with previous research results [29] and corresponds to the typical location for crack
initiation or fracture in actual thread failure. Additionally, the second largest equivalent
stress appears in the transition area between the bolt shank and the threaded section, while
the third highest stress appears at the junction between the screw and the bolt head.

900

770.81MPa

600
524.68MPa

(=}
T

Il‘mnm‘

Maximum equivalent stress of each cross-section (MPa)
W
[ =3
(=}
T

I

: ; 1l n 1 I 1 P! 1!
0 20 40 60 80 100
Distance (mm)

-300

Figure 14. Maximum equivalent stress of cross-sections at discrete bolt locations at t = 0's.

The variation curve of the maximum equivalent stress of the fastening bolt within 113 s
are displayed in Figure 15a, presenting a consistent trend of “decreasing, then increasing,
and finally decreasing”. In the early stage of braking, the external braking pressure is
the dominant influencing factor. The stress in the bolt is temporarily redistributed to
other regions, resulting in a slight reduction in the stress level at the thread. After that,
a large amount of heat is transferred from the friction surface to the brake disc system.
Other components clamped by the bolt expand and deform due to rapid temperature rise,
resulting in an increase in the bolt load and a rise in the thread stress, reaching a peak
value of 809.19 MPa at 86.0 s. As the braking process continues, the temperature of the bolt
gradually increases, causing thermal expansion. The axial relative deformation between
the connecting components and the bolt decreases, which results in a subsequent reduction
in bolt stress. At 113 s, the trend in the curve suggests a continued decline, which implies
that the bolt experiences alternating loads during the emergency braking process.

Based on the data in Table 1, the yield strength of GH2132 material at 100 °C is
1018.27 MPa, while the maximum equivalent stress of the bolt under the 350 km/h emer-
gency braking condition reaches 79.47% of this value, indicating a risk of yield failure at
the thread. Further analysis of the equivalent stress distribution nephogram under this
condition reveals that obvious stress redistribution occurs in the threaded section where the
bolt engages with the nut during braking. The stress distributions at the moments when the
equivalent stress reaches its valley value (t = 10.5 s) and peak value (t = 86.0 s) are shown
in Figure 15b,c. It can be seen that the equivalent stress in the first three threads engaged
between the bolt and the nut is concentrated at the root of the first thread, particularly on
the side adjacent to the brake flange. This is because in the second stage of the braking, the
non-uniform temperature field along the bolt becomes increasingly pronounced, causing
the bolt to slightly bulge toward the brake flange and bear a bending load. Under ther-
momechanical loading, the stress concentration and accumulation at the root of the first
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engaged thread are significantly intensified, leading to a local stress that far exceeds the
bolt’s average stress. When sustained at a high level, this stress concurrently induces micro-
plastic deformation, creep relaxation, and severe fretting wear at the interfaces, which
collectively cause the decay of the preload, ultimately resulting in bolt loosening failure.

810 ——
(86.0s,809.19MPa)
795 -
=
o
S
% 780 |-
g
1]
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Q
=
s
‘2765 |
m
56 —&— Maximum equivalent stress of fastening bolt
(10.5s,750.49MPa)
[ ! ! I 1 1

0 20 40 60 80 100 120

Time(s)
(a)

Effective Stress (v:m) Effective Stress (v:m)
7.269X102 8. 328 X102
6.061X 102] 6.946X 102]
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1.229X%10? 1. 417X102
2.123X10° 3.454X10°

Back side Back side
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Figure 15. Maximum equivalent stress and nephograms of fastening bolt: (a) time history curve;
(b)t=10.5s; (c) t=86.0s.

5. Influence Factors of Loosening
5.1. Initial Speed

To further investigate the thermomechanical response of the fastening bolt under
emergency braking at higher speeds, this study conducted thermal-mechanical coupling
simulations on a C/C-5iC brake disc system with initial speeds of 380 km/h and 400 km /h.
During braking, both the braking force and average acceleration remained consistent
with the 350 km/h emergency braking condition. Specifically, when the speed exceeded
300 km/h, the braking pressure was set at 18 kNN with a corresponding acceleration of
—0.72 m/s?; below 300 km/h, the braking pressure increased to 32 kN with a corresponding
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acceleration of —0.94 m/s?. When the initial speed was raised to 380 km/h, the total braking
time reached 122 s, and the braking distance extended to 6820.67 m. With a further increase
in the initial speed to 400 km/h, the braking process lasted 129 s, resulting in a braking
distance of 7666.85 m.

The variations in the maximum temperature of the brake disc and the fastening bolt
over time during the braking process is as illustrated in Figure 16. As shown in the
figure, the temperature change curves of the C/C-5iC brake disc show a similar trend.
Specifically, the disc temperature generally rises during the braking process, with the
heating rate gradually decreasing in the later stage of braking, and the peak temperature
is reached during the second stage. The maximum temperatures of the brake disc under
emergency braking conditions at initial speeds of 350 km/h, 380 km/h, and 400 km/h are
701.36 °C, 884.76 °C, and 952.44 °C, respectively, demonstrating that the maximum brake
disc temperature increases with the initial braking speed. Compared to the emergency
braking condition at 350 km /h, the maximum temperature increases by 26.25% at 380 km/h;
compared to 380 km/h, the increase is 7.65% at 400 km/h. After that, due to the combined
effects of heat conduction and heat convection, the surface temperature of the brake disc
continues to decrease. At the end of braking for each condition, the maximum temperatures
of the brake disc under emergency braking conditions at 350 km /h, 380 km/h and 400 km/h
are 644.46 °C, 794.10 °C and 852.18 °C respectively.

1200 - 240
Brake disc temperature at 350km/h

Brake disc temperature at 380km/h
—— Brake disc temperature at 400km/h
1000 }— — Fastening bolt temperature at 350km/h
— — Fastening bolt temperature at 380km/h - 200
I — — Fastening bolt temperature at 400km/h

800

- 160
600

- 120
400

Temperature of brake disc (°C)
Temperature of fastening bolt (°C)

200

0 30 60 90 120
Time(s)

Figure 16. Curves of the maximum temperature for brake disc and fastening bolt under different
emergency braking conditions.

As shown in Figure 16, in the second stage of braking, the bolts absorb a large amount
of heat conducted from the brake disc and other connected components, leading to a rapid
temperature increase. Under emergency braking conditions at initial speeds of 350 km/h,
380 km/h, and 400 km/h, the maximum bolt temperatures are 100.90 °C, 124.15 °C, and
159.91 °C, respectively, demonstrating a clear increasing trend with higher initial braking
speeds. Meanwhile, the temperature rise amplitude of the fastening bolt’s maximum
temperature also increases, with the temperature rise amplitudes in different speed ranges
being 21.18% and 28.80% respectively.

Under different braking conditions, the temperature distribution nephograms of
the fastening bolt exhibit similarity. Since the temperature of the C/C-5iC brake disc
body remains consistently higher than that of other components during braking, the high-
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(a)

temperature area of the bolt still appears near the brake flange. As shown in Figure 17a,
points are selected at representative positions on the bolt: point A represents the location
of maximum temperature on the bolt; point B is the point opposite to point A, located at
the central section far from the friction surface; points C and D are the centre points of the
cross-sections of the bolt head and tail, respectively. The temperature differences between
these points at the moment of peak bolt temperature under different braking conditions
are calculated, and the results are summarized in Figure 17b. It can be observed that the
temperature differences between point A and the other points increase with the initial
braking speed. Along the axial direction, the average temperature drop of the bolt under
the 400 km/h emergency braking condition is 97.32 °C, which is 18.47 °C and 59.59 °C
higher than under the 380 km /h and 350 km /h emergency braking conditions, respectively.
In the cross-section, the average temperature drop under the 400 km/h condition is 8.50 °C
and 31.52 °C higher than under the 380 km/h and 350 km/h conditions, respectively. This
indicates that as the initial braking speed increases, the bolt not only experiences a higher
overall thermal load but also develops a more uneven temperature distribution.
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Figure 17. Temperature differences in bolt under different emergency braking conditions: (a) points
selection; (b) results.

By calculating the time when the highest temperature occurs in the bolt under three
emergency braking conditions, the average diameter of the cross-sections at points A and B,
and the length change between points C and D, the lateral deformation and axial elongation
of the bolt can be represented respectively. The results are shown in Table 4, indicating that
as the initial braking speed increases both the magnitude of thermal expansion and the
degree of bending deformation become more pronounced.

Table 4. Thermal expansion of bolt under emergency braking conditions at different initial speeds.

Initial Speed (km/h) 350 380 400

Average diameter (um) 7.87 9.11 15.61
Increase rate - 15.76% 71.35%

Length (um) 6.58 11.52 19.71
Increase rate - 75.08% 71.09%
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The variation curves of the maximum equivalent stress of the fastening bolt are
displayed in Figure 18. All curves follow a consistent trend, and no abrupt stress increase
is observed even under higher-speed emergency braking conditions. Across different
initial braking speeds, the valley values of the maximum equivalent stress remain nearly
identical, while the peak values exhibit a positive correlation with the initial braking speed.
Compared to the previous speed level, the peak equivalent stress increased by 19.03 MPa
and 20.78 MPa, respectively. Correspondingly, the stress amplitude at the critical section of
the bolt also rose. Under the 350 km/h emergency braking condition, the stress amplitude
measured 58.70 MPa. As the initial braking speed increased, the amplitude further grew
to 77.86 MPa and 98.66 MPa, respectively. Therefore, it can be concluded that with an
increase in the initial emergency braking speed, the equivalent stress at the critical section
of the bolt approaches closer to the yield limit, and the bolt is subjected to more severe
load fluctuations.
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840
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|
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e
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Figure 18. Curves of the maximum equivalent stress of the bolt varying with time under different
emergency braking conditions.

5.2. Brake Pressure

Under 400 km/h emergency braking, the braking pressure directly governs the fric-
tional heat input to the C/C-5iC disc, which in turn dictates the thermomechanical response
of the fastening bolt. A study of braking pressure allocation is therefore critical for an-
alyzing this stress behaviour. The specific parameters for each case and corresponding
thermomechanical response of fastening bolt are provided in Table 5.

Compared to the baseline emergency braking condition with pressure settings of 18 kN
and 32 kN, both Case 1 and Case 2 achieved a reduction in braking distance and lowered
the maximum temperature of the fastening bolt at the end of braking by increasing the
braking pressure in the second and first stages, respectively. However, they led to markedly
different stress responses in the bolt. In Case 1, the increased braking pressure in the second
stage subjected the fastening bolt to higher external loads during the stress-increasing
phase, leading to an overall elevation in the stress level. The maximum equivalent stress
increased by 1.12% compared to the baseline condition, while the stress amplitude exhibited
a significant rise of 17.47%. As a result, the critical regions of the bolts approached closer to
the yield limit, indicating an elevated risk of bolt loosening. In Case 2, the higher pressure
applied in the first stage contributed to a rapid dissipation of the initial kinetic energy.
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Meanwhile, the heat accumulated on the brake disc surface was dissipated more efficiently
via convection, reducing the overall thermal load on the fastening bolt. Consequently, the
maximum equivalent stress decreased by 0.60% relative to the baseline. However, the stress
amplitude increased slightly by 2.68%, which can be attributed to the reduction in the valley
equivalent stress value caused by the elevated first-stage pressure. In Case 3, a modified
two-stage braking strategy was implemented: a higher braking pressure in the first stage,
enabling efficient dissipation of kinetic energy in the brake disc system, while a relatively
moderate braking pressure in the second stage prevented localized heat accumulation and
a sharp increase in bolt thermal stress. This strategy resulted in a 17.02% reduction in the
maximum temperature of the fastening bolts, a 1.41% decrease in the maximum equivalent
stress, and a 4.33% reduction in the stress amplitude compared to the baseline condition.

Table 5. Braking parameters under 400 km/h emergency braking.

Brake Average . Maximum Ma)flmum Stress
. Distance Equivalent .
Case Force Acceleration (m) Temperature Stress Amplitude
2 o

(kN) (m/s?) °Q) (MPa) (MPa)
18 —0.74

1 36 ~1.06 7147.33 150.00 858.52 115.90
22 —-0.91

2 3 —0.92 6963.95 132.21 843.92 101.30
26 —1.08

3 28 082 6957.01 132.69 837.01 94.39

6. Conclusions

In this paper, the validity of the models for the brake disc and fastening bolt is
verified through bench tests on the C/C-5iC axle-mounted brake disc. Further, aiming
at emergency braking conditions at different initial speeds, simulation calculations were
conducted. Meanwhile, under the 400 km/h emergency braking condition, the effects
of pressure magnitude and transition speed on the thermomechanical response of the
fastening bolt were studied. The conclusions are as follows:

(1) Under the emergency braking condition at an initial speed of 350 km/h, the
maximum temperature of the brake disc obtained from the test is 699.40 °C, and the
simulation result is 695.01 °C; the maximum temperature of the bolt obtained from the
test is 96.55 °C, and the simulation result is 97.79 °C; the maximum axial load of the bolt
obtained from the test is 76.87 kIN, and the simulation result is 77.78 kN. The average error
between the test results and the simulation results is less than 10%, which can verify the
validity of the simulation model.

(2) During the emergency braking process, a non-uniform temperature field is gen-
erated on the bolt, with obvious temperature gradients along its axial and cross-sectional
directions. The uneven thermal expansion will cause slight bending deformation of the
bolt; under the coupling effect of mechanical load and thermal load, there is always sig-
nificant stress concentration at the root of the first engaged thread of the bolt, making it a
dangerous stress section where the bolt is prone to yield failure and the critical region for
loosening initiation.

(3) Both the maximum temperature and maximum equivalent stress of the fastening
bolt are obviously positively correlated with the initial braking speed. Under the 400 km/h
emergency braking condition, the fastening bolt generates more obvious temperature
gradients and bending deformation. At this point, the maximum temperature of the
fastening bolt is 159.91 °C, the maximum equivalent stress is 849.00 MPa, and the stress
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amplitude also increases to 98.66 MPa, which means the fastening bolt faces a higher risk
of failure.

(4) The magnitude of the braking pressure is a critical factor affecting the thermome-
chanical response of the fastening bolt. A two-stage braking strategy with high pressure in
the first stage and moderated pressure in the second stage achieves the most favourable
thermodynamic performance in the fastening bolt, minimizing both the overall temperature
rise and the loosening risk. The optimal braking strategy for a 400 km/h emergency brake
is determined: a braking pressure of 26 kN is applied when the speed exceeds 300 km/h,
and 28 kN when the speed drops below 300 km /h. With this strategy, the bolt’s maximum
temperature, maximum equivalent stress, and stress amplitude are reduced by 17.02%,
1.41%, and 4.33%, respectively.
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