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Abstract

As one of the essential components of the braking system, the high-speed train brake disc is an inte-
gral part of ensuring the safety of the train. The main objective of this study is to conduct thermal
analysis and reliable life prediction on brake discs. The research was conducted by developing a pro-
grammer spectrum of brake discs with high-speed train brake discs. According to the results of
numerical analysis and the S-N curve of the material, the temperature distribution on the surface
of the brake disc is determined, and the fatigue life of the brake disc is predicted. The comparison
with the service life of the brake disc verifies the rationality of the calculation results. In addition, a
fatigue damage probability model of brake discs is established based on the theory of fatigue cumu-
lative damage. Through the relationship between the reliability of mechanical parts and the number
of load cycles, the reliable life of the brake disc under different working conditions is predicted. This
work establishes a method of reliable life analysis for brake discs of high-speed trains based on the
load spectrum, which could analyze the life and reliability of brake discs more systematically.

Keywords
Thermal stress, road load spectrum, fatigue damage probabilistic model, reliable life ; high-speed
train brake discs

Introduction

The brake disc’s fatigue life may be anticipated using the collected load during train oper-
ation in conjunction with the fatigue-related mechanism or S-N curve. As a result, to pre-
cisely anticipate the brake disc’s fatigue life, it is important to examine the load signals
obtained. There are several mature research approaches for handling load signals.
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The service life of high-speed train brake discs is related to the ambient temperature,
braking pressure, and random load from the track.' When the train is braking, the brake
disc temperature rises rapidly due to the braking force. Due to the different heat dissipa-
tion effects of each part of the brake disc, there is a temperature gradient in the brake disc,
which provides conditions for the generation of thermal stress. Thermal stress could
easily cause thermal fatigue of the brake disc and accelerate the formation of cracks
inside the brake disc.? In addition, brake disc surface temperature is also related to the
brake disc material. The brake disc is usually made of cast steel or forged steel. Due to
the limitation of casting level, the qualified rate of cast steel brake disc is low, and
defects are prone to appear in the casting process. Generally, the brake discs of high-
speed trains are mostly made of forged steel. Forged steel shows good mechanical prop-
erties at high temperatures, ensuring the processing quality of brake discs. Jin et al. 2016°
studied the change of material parameters of train brake disc with temperature, which pro-
vided methods for brake disc design and process improvement.

Wang et al. 2009* analyze the temperature distribution on the surface of the brake disc, and
the numerical solution is usually needed. A simulation tool could be used to analyze the tem-
perature field and stress field of the brake disc. Guo et al. 2016” used the differential quadrature
method to solve the temperature distribution along the radial direction of three different mate-
rials of brake discs. They found that the temperature distribution along the radial direction of
materials with good thermal conductivity usually presented uniform distribution. Que et al.
2019° analyzed the stress field of a forged steel brake disc and verified that a forged steel
brake disc could meet the requirements of safe braking. Wang et al. 2008’ conducted numer-
ical analysis on the braking process of the high-speed train, and the theoretical results were
consistent with bench test results. Zhang et al. 2011% found that the highest temperature
exists on the friction surface through simulation analysis. The convective heat transfer coeffi-
cient was obtained by Yang et al. 2008° through CFD (Computational Fluid Dynamics)
numerical simulation, which did not need to rely on the traditional theory for calculation.

Belhocine et al.'®'? calculated the temperature change of brake disc surface during
train braking and related numerical calculation. The heat source of the brake disc
could be analyzed based on the change of heat source. The process of friction heat gen-
eration of brake disc was studied, and the change of mechanical properties of brake disc
material after temperature rise was obtained.'*'*

The mechanism of mechanical stress formation in the brake disc was studied by Chen
et al. 2021."> Wang et al. 2019'° analyzed how continuous thermal and mechanical stres-
ses affect crack extension and microstructural evolution in brake discs. Li et al. 2015"7
conducted thermal cycling tests to simulate the temperature change during braking,
and the volume change of the steel caused by microstructural transformation was consid-
ered in the numerical simulation. Sawczuk et al. 2018'® presented the results of several
years of investigations on the railway disc brake under varying wear conditions in relation
to the UIC (International Union of Railways) requirements for brake pad approval.
Besides, Yan et al. 2015'? used numerical simulations to systematically compare the ther-
mofluid properties of cross-drilled ventilated brake discs with standard and included
radial vanes. The heat transfer enhancement mechanism of the cross-drilled hole is elu-
cidated. Li et al. 2021%° discussed the current research status and development trend of
automotive disc brake materials.
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Bench tests are usually used for brake discs of high-speed trains to collect load signals
during driving. Due to the limitations of the test conditions and the inevitable signal inter-
ference, the collected brake disc load signals generally contain interference signals such
as noise and abnormal values. Therefore, it is necessary to preprocess the original signals,
such as wavelet threshold denoising.?'** According to the principle of load analysis, the
amplitude, mean value, extreme value, and standard deviation of load signals could
reflect the overall characteristics of load signals.”** For the preprocessed signals,
extracting the average load amplitude is usually necessary. The commonly used
method is the rain flow counting method, which is widely used to extract the load amp-
litude of mechanical structures and vehicle parts.’>*’ In order to reflect the train driving
conditions more honestly, it is often necessary to extrapolate the collected load signals.
Commonly used extrapolation methods include over threshold extrapolation, parameter
extrapolation, and extrapolation by mileage or quantile.?® It is necessary to compile
the program spectrum.?® Liu et al. 2017,%° Liu et al. 2022*"*? described the compilation
process of load spectrum in detail and studied the life of relevant parts through load
spectrum.

Therefore, considering the service condition of the brake disc, it is necessary to carry
out a thermal analysis. The main content of this work is as follows. Firstly, a load spec-
trum is constructed from the collected brake disc load signals. Secondly, the thermal
fatigue analysis of the brake disc is carried out. Next, the reliability of the brake disc
is analyzed. Based on the collected load spectrum, a reliable life analysis method of high-
speed train brake discs is proposed, which could analyze the life and reliability of brake
discs more systematically.

Load signals analysis of the brake disc

The research process of this paper is shown in Figure 1.

As an important part of the braking system, the load form and material of the brake
disc will affect the braking efficiency. Therefore, a high-reliability level of the brake
disc is the premise to ensure the safe operation of the train.>

The driving conditions of the high-speed train could be roughly divided into three
stages: accelerating process at a lower speed, approximately driving at a uniform speed
and decelerating process. Generally, the train also experiences a similar acceleration
and deceleration process when passing through a station. Section 2 mainly studies the
load on the brake disc during the deceleration process of the train.

Load signals preprocessing

In engineering, to save workforce and material resources, a braking test is usually carried
out on the test bench.** Acceleration signals collected by the sensor device are shown in
Figure 2. Due to the inevitable interference of environmental factors, the collected accel-
eration signals contain some abnormal values. These inevitable abnormal signals will
affect the compilation of the acceleration spectrum and even affect the accuracy of the
service life prediction with the brake disc. Therefore, it is necessary to preprocess the ori-
ginal load signals.
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Figure 2. Acceleration of train during braking.

Due to the interference of the service environment, some unavoidable abnormal loads
will appear in collected signals. These abnormal signals will have a great impact on
fatigue life prediction. To predict the service life of the brake disc accurately, it is neces-
sary to eliminate them. This paper uses a 3¢ criterion to deal with outliers.*>*

For a group of test data, the mean value and standard deviation could be obtained from
equations (1) and (2).

n—1

2
1 & -
6= E X —X) 2
i=1

IX; — X| > ko 3)

where k is a constant. According to 3¢ criterion, k is taken as 3.

If the signal value conforms to equation (3), it is judged as an abnormal value.
Otherwise, it is regarded as a normal value for subsequent processing.

Due to the noise of collected signals, interference will be produced when the load
spectrum is processed. Therefore, to obtain the ideal load signals, it is necessary to
remove the noise signals. For signal de-noising, the threshold method could be used to
separate noise and useful signals. The threshold method has a better denoising effect
and can further improve the signal-to-noise ratio of the signal. Threshold processing gen-
erally includes two parts: threshold and threshold function.
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The threshold function could quantize the wavelet coefficients. There are two common
thresholding methods: Hard thresholding and Soft thresholding. Both methods have their
limitations: the hard threshold function has discontinuities in some areas, while the soft
threshold function has deviations. Therefore, we could reset the function domain to
obtain a better processing effect. According to the above analysis, signal processing tool-
boxes are used to complete the load signals preprocessing. Select the appropriate number
of decomposition layers for the load signals following outlier elimination; a comparison
of load signals is presented in Figure 3.

It could be seen from Figure 3 that the denoising process is mainly to remove outliers
and oscillation signals. After denoising, the load signals present a gentler trend. The
above work lays a foundation for the extraction of load average amplitude.

Analysis of load distribution characteristics

The initial speed of train braking is 250 km/h, and the average amplitude of load signals
of the brake disc could be extracted after preprocessing. The amplitude could reflect the
overall characteristics of load signals, and it could be used to program the load spectrum
and predict the fatigue life of structural components. Before extracting the amplitude of
load signals, the loads should be counted. In mechanical fatigue, load counting trans-
forms the load-time history into a regular load cycle process. The two-parameter
method could better reflect the overall characteristics of the load. This study uses the
rain flow counting method to extract the mean and amplitude.®’

Before further analyzing the distribution characteristics of load signals, extracting the
amplitude, and counting the frequency of collected load signals,*® the rain flow counting

Original signal and De-noised Signals

T T T
1 normal acceleration signal
-Acceleration signal after load signal preprocessing

Acceleration (m/s”"2)

Figure 3. Original signal and De-noised signals.
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method is used to extract the load cycles, and their mean and amplitude are counted. The
counting results are shown in Figures 4 and 5.

In Figures 4 and 5, the load is braking force, converting the acceleration of the train
into braking force is for subsequent stress analysis.

It could be seen from Figure 4 that the mean frequency distribution is peak-
symmetrical, and the distribution function part could conform to the t-location-scale dis-
tribution, logical distribution and normal distribution. As shown in Figure 5, the
amplitude-frequency distribution is a unimodal distribution, and its distribution may
conform to the Weibull distribution, lognormal distribution and gamma distribution.
Therefore, the probability distribution density function with unimodal characteristics is
used to fit the mean and amplitude of load signals.

The distribution model is obtained by fitting the probability density function according
to the load signals distribution in Figures 4 and 5, which could more intuitively reflect
load distribution characteristics. The common probability distribution models include
exponential distribution, normal distribution, gamma distribution, Weibull distribution
and lognormal distribution. The expressions of several common probability distribution
density functions are shown in Table 1.

Different probability density functions are used to fit the frequency statistical histo-
gram to obtain the probability distribution functions. In addition, log likelihood estima-
tion is used to fit the functions. The fitting results are shown in Figures 6 and 7, and log
likelihood estimation results are shown in Tables 2 and 3.

As shown in Figure 6, the t-Location-scale, logistic, and normal distribution all fit
better to the mean. They can be tested using the log-likelihood estimation method to
determine the best fit. The log-likelihood estimates are shown in Table 2. In the
log-likelihood estimation test, a larger estimate indicates a better fit. In Table 2, the esti-
mated value of the normal distribution is the largest among several distribution models,
and the normal distribution is the best fit compared with the other two distribution
models.
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Figure 4. Statistical histogram of mean frequency.
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Figure 5. Statistical histogram of amplitude frequency.

Table I. One-dimensional distribution ndensity function.

Distribution model Probability density function f(x)
Exponential distribution f(x) = Ae™ 2?;7")1
Normal distribution fx)=—7A—e 27
Gamma distribution fx, p, @) = B0 x50
Weibull distribution f(xAk) = ’/—{ é&a'z_'e;n(’x‘/ﬁz, x>0
Log-normal distribution f(x, u, 6) = \/Z'—Me 2, x>0

The probability density function of normal distribution is shown in equation (4)

—u—mz

e, —oo<x<—+oo “4)

1
fo) =
N 2ro
where x is a random variable, p is a position parameter, and o is a scale parameter.
According to the fitting results, the mean and amplitude of the function are substituted

into equation (4), and the probability density function of load mean distribution is
obtained as shown in equation (5).

F) = — R 5)
X)=————¢ 1%
9.43/2x

As shown in Figure 7, for the load amplitude, the fitting effect of the lognormal distribu-
tion is better. The log-likelihood estimation values are shown in Table 3. In statistical
theory, the larger the log-likelihood estimate, the better the fitting effect. Therefore, the
lognormal distribution is the most suitable for the load amplitude.
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Figure 7. Amplitude fitting.

According to equation (6), the probability density function of lognormal distribution

could be expressed as follows

1 —(nx—p?

e 22 x>0
V2ro

fx) =

6)
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Table 2. Log likelihood estimation test of mean under different mathematic models.

Mathematic model Log likelihood estimation (u, o)

t-Location-Scale —282701 (14.04, 9.42)
Logistic —282797 (14.04, 5.40)
Normal —282045 (14.04, 9.43)

Table 3. Log likelihood estimation test of amplitude under different mathematic models.

Mathematic model Log likelihood estimation
Weibull —271656
Gamma —270277
Lognormal —265502

According to the fitting results, the probability density function of load amplitude distri-
bution is obtained by substituting parameter’s value, as shown in equation (7)

1 —(nx—2.13)2
2

2 7
0927 ™

fx) =

Load extrapolation

The data collected in the bench test is data for a period or under certain conditions, while
the actual working condition of the train is long-distance operation. Therefore, to predict
the fatigue life of the brake disc more reasonably, it is necessary to extrapolate the col-
lected load signals. Due to the stable running state of the train during driving, this
section uses the parameter method combined with the mileage to extrapolate the load
signals.! According to the statistical point of view, 10° cycles could represent the real
load condition, and the load signals are extrapolated to 10° cycles. The load signals
are extrapolated by using the methods, as shown in equation (8)

Nc = kmNm (8)

Among them, N, is the number of loads after extrapolation, m=12,3 which respectively
represents conditions of train acceleration, uniform speed and deceleration. N,, is the accumu-
lated times of load signals under different working conditions, k,,, is the expansion coefficient
k,,= 10%N ), and N is the total accumulated times of load signals under actual conditions.

Program spectrum compilation

Due to the load signals obtained could not be directly applied to the fatigue life predic-
tion, it is necessary to compile the collected load signals into the program load spectrum.
The program spectrum is equivalent to loading loads of different amplitudes in a certain
order, which is more in line with the working conditions of the mechanical structure in
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service.”’ Generally, a one-dimensional 8-level load could better reflect the overall char-
acteristics of load signals. In this paper, the fatigue life of the brake disc is predicted by
compiling a one-dimensional 8-level program load spectrum.

To reflect the overall characteristics of the load signals more accurately, this study uses
the amplitude scale coefficient to divide collected load signals into unequal intervals.*® In
the process of compiling the load spectrum, the commonly used amplitude scale factor is
shown in Table 4.

One dimensional load program spectrum is compiled by load amplitude and its corre-
sponding frequency. The amplitude ratio coefficient method is used to divide the ampli-
tude and compile the 8-level load spectrum of the brake disc. The division of the
amplitude interval is shown in equation (9).

lO = Anin, 18 = Amax

Am X Amin

li=1l1+ *ki ©)
Zi:l ki

where Apax, Amin are the maximum and minimum values of load amplitude, /, [;_; are
the upper and lower limits of i amplitude range, and k; is the proportional coefficient
of amplitude range.

li
n; = ch Jadx (10)
=

where 7; is the i load frequency corresponding to the level amplitude, N, is the extrapo-

lated load frequency and f; is the probability density function of load amplitude.
According to the program spectrum construction method shown in equation (9) and

equation (10), the one-dimensional program load spectrum shown in Table 5 could be

obtained.

Thermal stress analysis of the brake disc

In the braking process of high-speed trains, the purpose of deceleration is achieved
through the surface friction between the friction plate and brake disc. Due to the
uneven heat dissipation on the surface of the brake disc, there is a temperature gradient
inside the brake disc, which leads to the generation of thermal stress. Relevant literature
research showed that the influence of thermal stress on the service life of high-speed train
brake disc is far greater than the random load caused by road vibration.*'** Therefore,
based on the thermodynamic theory, the temperature distribution on the surface of the
brake disc is obtained by numerical analysis. At the same time, the fatigue life of the

Table 4. Amplitude scale factor.

Load level i | 2 3 4 5 6 7 8

Scale factor k; | 0.90 0.85 0.725 0.575 0.425 0.275 0.125
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Table 5. Braking load program spectrum.

Load level Amplitude (kN) Frequency(Hz)
I 7.319 37716

2 18.245 14980

3 28.309 5957

4 37.367 2223

5 44.843 871

6 50.594 370

7 54.620 161

8 56.92 59

brake disc is calculated according to the material parameters of the brake disc and the S-N
curve of 25Cr2MoV steel.

Heat transfer parameters

Heat transfer usually occurs between two objects with temperature differences. The phe-
nomenon of heat transfer will last for a period until the temperature difference between
objects disappears. There are three common ways of heat transfer: heat conduction,
heat convection and heat radiation.**

(1) If there is a temperature difference inside an object or between several close
objects, heat will be transferred from high temperature to low temperature. In this
case, the heat conduction law is shown in equation (11).

dT

-k, 11
q= ket (an

In equation (12), g is heat flux (w/m?), k, represents thermal conductivity, and % is tem-
perature gradient (K/m).

(2) Thermal convection usually occurs on the surface of solid and liquid in contact.
Thermal convection could be divided into natural convection and forced convection.
The convective heat could be described by equation (12).

g=H{T, ~T) (12)

where H is the convective heat transfer coefficient (w/m°K), T}, represents the surface
temperature of the solid and T, is the fluid temperature (°C).

(3) Generally, when an object radiates energy outward, it will also absorb the energy
radiated by other objects. The net heat transfer between objects could be calculated by
Stefan Boltzmann equation.

q = KPAFio(T} — T3) (13)

kis emissivity, usually taken as 0.8. # is Stefan Boltzmann constant, usually taken as
5.67 x 10°8W / (m? - K*). A, is the area of radiation surface 1, F, is the shape coefficient
between radiation surface 1 and radiation surface 2. 7T represents the absolute
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temperature of radiation surface 1, and 7, represents the ambient temperature.

(4) In the braking process, the coefficient of the fluid heat transfer system will change
with the train speed, fluid motion state and fluid properties. If the convective heat transfer
coefficient is expressed by H, the expression is

(14)

Among them, N, = 0.337 X R98P%35 | called Nusselt number. L is the characteristic
length of the brake disc (m), where A is taken as the thermal conductivity of the air
(W/ (mK)). P, is the Prandtl number of the air, the value is about 0.7. R, is the
Reynolds number of the fluid, R, = pvL/u, where p (kg/m’), v (m/s) and u (Pa-s) are
the density, velocity and viscosity coefficient of the fluid. Therefore, the convective
heat transfer coefficient H could be expressed as follows

_0.377 X (pvL/ p)* ¥ POHSL

] (15)

H

It could be seen from equation (15) that the convection heat transfer coefficient is related
to the fluid velocity. The velocity of the fluid is related to the speed of the vehicle, so it is
necessary to analyze the law of the fluid convection heat transfer coefficient with the
speed. The relationship between the convective heat transfer coefficient and the speed
is shown in Figure 8.

It could be seen from Figure 8 that when the train speed decreases, the convective heat
transfer coefficient also decreases. When the running speed is lower than 50 km/h, the
change rate is larger. The increase in H-factor leads to an increase in thermal stress
and a decrease in fatigue life.

100

80

60

10

H, W/(m’K)

0 50 100 150 200 250

v, km/h

Figure 8. Relationship between convective heat transfer coefficient and vehicle speed.
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Calculation of heat flux

If kinetic energy in the braking process is converted into heat energy, there is

Lo, 1 5
Qt:im"o_im"z (16)
where m is the mass of the train body, vy is the initial braking speed and v, is running
speed at time 7. O, is heat energy generated from time #, to time .

The heat generation rate is obtained by deriving equation (17).
_do,
Codr

where a is acceleration during braking. During the braking process of the train, about
80% of heat will remain in the brake disc,6 and the heat flux of the brake disc is

P, = —ma(vy + at) a7

q=n— (18)

where energy transfer coefficient # = 0.8, n’ is the number of friction surfaces on each
axle. Sy = Jr(R% — R%), Sy is the swept area of the friction plate, R; is the outer diameter
of the brake disc and R, is the inner diameter of the brake disc.

According to the brake disc size, train braking acceleration and other relevant para-
meters, as shown in Table 6.

According to the data in Table 6, the change of heat flux during train braking is shown
in Figure 9.

It could be seen from Figure 9 that during train braking, the heat flux first decreases
from a higher level and then increases slowly. When the train starts braking, the
braking pressure exerted by the braking system is large. When the vehicle speed decreases,
a small braking force is applied to ensure the safe operation of the train. Moreover, the heat
generation is reduced, which is conducive to improving the service life of the brake disc.

Thermal stress analysis of the brake disc

There are two sources of stress on the brake disc: one is the thermal stress caused by the
temperature gradient inside the brake disc. The other is the inertia force and braking pres-
sure from the brake disc, as well as the random load brought by the track. According to
relevant research, the internal thermal stress of the brake disc is much greater than that of

Table 6. Heat flux at speed of 250 km/h.

Braking time t (s) Heat flux (W/m?)

0~12 q=1116.3x (250 — 0.2t)
13~30 q=1223.3 X (154 — 0.04(t-12))
31~42 q=613.9x(125—-0.11(t — 30))

43~54 q = 1060.5 x (83 — 0.19(t — 42))
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Figure 9. Heat flux variation of the brake disc.

Table 7. Brake disc size parameters.

Outer diameter of brake Inner diameter of brake Thickness Average friction radius
disc (mm) disc (mm) (mm) (mm)
640 258 40 247

the wheel rail and external environment.” Therefore, for the stress analysis of the brake
disc, mainly considers the influence of thermal stress on the fatigue life of the brake disc.

The brake disc material studied in this paper is 25Cr2MoV, and the dimension para-
meters of the brake disc are shown in Table 7.4

The material parameters of 25Cr2MoV are shown in Table 8.%

To study the temperature distribution on the surface of the brake disc, presents thermal
sensors in bench tests may be used to acquire the temperature distribution on the surface
of the brake disc. Then, the commonly applied numerical analysis approach is employed
to investigate the brake disc’s surface temperature distribution.

Some assumptions are made to perform numerical analysis.

1. The brake disc is in full contact with the friction plate;
2. The braking pressure acting on the friction plate is evenly distributed;
3. The wear of brake disc and friction plate is not considered;

This paper uses Abaqus 2020 software for numerical modeling and analysis. The surface
temperature distribution of the brake disc could be obtained as shown in Figure 10.
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Table 8. Physical property parameters of 25Cr2MoV steel.

Melting point

Density (kg/m®) 7.62% 10° (°C) 1400
Physical property Temperature (°C)

25 100 200 300 400 500
Elastic modulus E (GPa) 211 208 203 197 188 178
Poisson’s ratio y 0.3 0.3 0.31 0.31 032 032
Thermal conductivity 4 (W/(m*K)) 320 324 329 31.8 297 282
Specific heat capacity c (J/(kg*K)) 519 519 519 523 523 523
Coefficient of linear expansion a (107¢)/K) 1.6 12.6 12.9 13.2 13.7 140

NT11
- +4.791e+02
- +4.409e+02
+4.026e+02
- +3.644e+02

ot

+2.113
- +1.730e+02
+1.34Be+02
- +9.652e+01

Figure 10. Surface temperature distribution of brake disc.

For the brake disc studied in this paper, the initial speed of train braking is 250 km/ h and the
initial temperature in the braking process is close to room temperature. The result in Figure 11 is
the time at which the temperature difference reaches its maximum or the time at which the larger
braking force is converted to a smaller braking force. It could be seen from Figure 10 that there
are temperature gradients in different radius directions, which is the cause of thermal stress.
Under the average friction radius, the maximum temperature is 479.1 °C. Along the radial dir-
ection of the brake disc, the temperature value shows a downward trend.

To analyze the fatigue performance of the brake disc under high temperatures more
accurately, it is necessary to analyze the mechanical parameters of the brake disc material.
The conventional mechanical properties and chemical composition of 25Cr2MoV are
shown in Tables 9 and 10.*

At different temperatures, the material parameters of the brake disc will change. The
tensile strength and yield strength of forged steel change obviously with temperature, as
shown in Figure 11.%
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Figure 1. Fatigue strength of forged steel at different temperatures.
Table 9. Chemical composition of 25Cr2MoV steel.
Element C Si Mn P S Ni Cr Mo \ Cu

Contents 027 025 0.5 0.01 0.01 0.08 .70 030 021 0.10

Table 10. Conventional mechanical properties of 25Cr2MoV.

4(MPa) 5(MPa) 55(%) w(%) E (GPa) HB

1090 1042 18 63 211 308

It could be seen from Figure 11 that the fatigue strength of forged steel is greatly
affected by temperature. When the temperature is lower than 200°C or higher than
400°C, the tensile strength and yield strength of forged steel decrease obviously with
the increase of temperature. The decrease of the fatigue strength of the brake disc material
will lead to plastic deformation inside the brake disc, which has a great influence on the
service life of the brake disc. Therefore, it is necessary to study the temperature distribu-
tion of the brake disc in the braking process.

Thermal fatigue life of the brake disc
Through Basquin equation:

64 = 0N} (19)
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The S-N curve of material could be obtained. And fatigue life of forged steel structures
under different stress levels could be calculated. Where o, is stress amplitude, b is fatigue
strength index.

o = (1 +y)oy (20

y is percent reduction of area, and oy is fatigue strengthening coefficient.

The S-N curve of 25Cr2MoV material is shown in Figure 12.%’

The regular operation of the brake disc is an important guarantee for the safe operation
of the train. The existence of thermal stress accelerates the internal plastic deformation of
the brake disc and accelerates the fatigue failure process of the brake disc. Therefore, to
ensure the safety of train operation, it is necessary to analyze the service life of the brake
disc. The load studied is mainly thermal stress. According to the brake disc material’s S-N
curve, combined with the brake disc model’s numerical analysis, the number of cycles
that the brake disc could withstand at different temperatures is obtained, as shown in
Table 11.

It could be seen from Table 11 that the equivalent thermal stress is o7,, = 641 MPa.
Which is substituted into S-N curve of 25Cr2MoV material, and the number of failure
cycles is 107684. Assuming that the train brakes 50 times a day and 360 days a year,
the service life of the brake disc made of this material is about 5.98 years. The average
service life of a forged steel brake disc is about 5.06 years,46 which shows that the cal-
culation result is reasonable.

Reliability analysis of the brake disc

In the design and production process of structure, it is necessary to analyze the reliability
of products.*”*® Therefore, it is necessary to analyze the reliability of a high-speed brake
disc. Based on the reliability theory, considering the influence of thermal stress on the
fatigue life of the brake disc, a fatigue damage probabilistic model is established. On
this basis, the service life of brake discs with different reliability is calculated.

Fatigue damage probabilistic model

From the perspective of probability and statistics, it is generally considered that the func-
tional failure of structures or components is a random event. If the event A represents that
component could work normally and the event B represents the component fails, the
probability space of the component could be expressed by equation (21)

Q=B 1)

According to the reliability theory, the reliability of structure could be expressed by equa-
tion (22)

R=PA)=1— P(B) (22)

The load and dimension parameters of the brake disc are usually randomly distributed.
Therefore, combines the probability and statistics model with fatigue cumulative
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damage theory to establish the probabilistic model of brake disc fatigue damage. If U is
used to represent fatigue strength of component and D is used to represent cumulative
fatigue damage, the critical failure condition of components could be expressed as

U=D (23)
It could be seen that the reliability of parts is
R=P(U>D) (24)

According to the fatigue cumulative damage theory, there is a certain relationship
between each stress level and the number of load cycles under the corresponding
stress level

O\Ni=0No =--- =Ny =M (25)
It could be obtained from equation (26)

M
N =~ (26)
Ok
where Ny and oy, represent theoretical fatigue life and stress amplitude under k-level cyclic
load respectively. M is a constant and s is the slope of S-N curve of material in logarithmic
coordinates.

According to the linear fatigue damage theory, if

i
Zﬁk =1 27)

k=1

the parts were regarded as failed. n; is the actual action times under k-level load. It could
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Figure 12. S-N curve of material 25Cr2MoV.
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Table Il. Thermal stress at different temperatures.

Temperature (°C) Thermal stress (MPa) Amount of damage
479.1 | 144 67x1073
440.9 1084 3.6x 1073
402.6 986 12%x1073
364.4 886 3.7x107*
326.1 796 I.I1x107*
287.8 697 24%x107°
249.6 598 42%x107°
2113 501 56x 1077
173.0 401 45x 1078
134.8 299 1.6x107°
96.5 202 1.9% 107"
58.3 101 7.0x107'3

be obtained by substituting Ny in the equation (25).
Y oim=M (28)
Zaf~n,~:a’f~N,~ (29)
Reliable life prediction of the brake disc

If the component fails under k-level stress oy after Ny cycles, fatigue strength U is shown
in equation (31)

U:O";(Nk (31)

According to the program spectrum, several values of U could be obtained. According to
equation (32) to (34), the probability distribution parameters of U could be obtained.*’

_= Yo (di—d)gi —8)

P L 32)
Zi:l (di — d)2
Hrpy=d-s+g (33)
1< )
oW = [ Z (i + dis — praw)) (34)
i1

M=

n
where, d; = Ln(oy), g = Ln(Ny), d =1%"d;, g=13"g;.
i=1

i=1

Assuming that the fatigue damage strength U satisfies lognormal distribution, assumed
@(x) ~ N(0, 1). Reliability of brake disc could be expressed as

Ry = P(Ln(U) — Ln(D)) = cb(”L”‘”)_Ln(D)) (35)

OLn(U)
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Table 12. Fatigue life of brake disc under different reliabilities.

Reliabilities Cycles Years
99% 60345 3.35
95% 73706 4.09
50% 121521 6.75
\‘\‘\;;
o 0.5 ;x\\\\\\x
Reliability

Figure 13. Fatigue life of brake disc under different reliabilities.

It is necessary to analyze the failure situation under different working conditions to ensure
the safety of train operation. Therefore, we need to transform equation (36) into the fol-
lowing.

Ln(D) = ) + 6tay® ' (1 = R) 37)
The cumulative fatigue damage D is

D = explpL,w) + oay® ' (1 = R)] (38)
If the fatigue life of the brake disc under a certain reliability is N, it could be expressed as

_ expluLuwy + oLay® (1 — R)]
Z P; x Gf

Ng (39

where P; is the ratio of loading times of the structural member under i-level stress o; to the
total loading times.

The obtained thermal stress is substituted into equation (38). Assuming that the train
brakes 50 times a day and a year is regarded as 360 days, the fatigue life of the brake disc
under different reliability could be obtained, as shown in Table 12 and Figure 13.
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It could be seen from Table 12 that the calculated theoretical service life of a brake disc
is 3.35 years while R = 99%. Under this reliability, the reliability of the brake disc is very
high and fatigue failure will not occur generally. If R = 95%, the theoretical service life
of the brake disc is 4.09 years. It could be seen that the reliability level of the brake disc
with this reliability is high, and fatigue failure is not easy to occur. To ensure the service
quality of the brake disc, the service condition of the brake disc could be checked regu-
larly. If R = 50%, the theoretical service life of the brake disc is 6.75 years. The reliability
of the brake disc under this reliability is low, and fatigue failure is can occur easily.
Therefore, to ensure the safe operation of the train, the brake disc should be replaced
in time and should not be used anymore.

Conclusions

The purpose of this study is to present a reliable life analysis method for high-speed train
brake discs based on the collected load spectrum, which could be used to analyze the life
and dependability of brake discs more systematically. The following summarises the
paper’s primary contents.

1. The frequency statistics of average amplitude and the probability distribution
density function are used to fit the distribution features of the acquired load
signals. The parameter and mileage methods are used to extrapolate the load
signals, and the probability distribution density function is used to assemble the
one-dimensional program spectrum.

2. A three-dimensional model of the brake disc is created using the geometric para-
meters of the brake disc. Through thermodynamic theory and the application of
boundary conditions, a numerical model of the brake disc is built, and the
brake disc’s surface temperature distribution is determined. Equivalent thermal
stress is determined based on the numerical analysis results, laying the ground-
work for reliable brake disc life prediction. The fatigue life of the brake disc is
determined using the S-N curve of the brake disc material. The calculated
results are verified by comparing them to the actual service life of forged steel
brake discs.

3. The fatigue damage probabilistic model of the brake disc is created using reliable
life analysis methods and fatigue cumulative damage theory. The fatigue life of
brake discs under various reliability conditions is predicted by considering the
effect of thermal stress.
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