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Abstract: The mass of high-speed trains can be reduced using the brake disk prepared with SiC network ceramic frame reinforced 
6061 aluminum alloy composite (SiCn/Al). The thermal and stress analyses of SiCn/Al brake disk during emergency braking at a 
speed of 300 km/h considering airflow cooling were investigated using finite element (FE) and computational fluid dynamics (CFD) 
methods. All three modes of heat transfer (conduction, convection and radiation) were analyzed along with the design features of the 
brake assembly and their interfaces. The results suggested that the higher convection coefficients achieved with airflow cooling will 
not only reduce the maximum temperature in the braking but also reduce the thermal gradients, since heat will be removed faster 
from hotter parts of the disk. Airflow cooling should be effective to reduce the risk of hot spot formation and disc thermal distortion. 
The highest temperature after emergency braking was 461 °C and 359 °C without and with considering airflow cooling, respectively. 
The equivalent stress could reach 269 MPa and 164 MPa without and with considering airflow cooling, respectively. However, the 
maximum surface stress may exceed the material yield strength during an emergency braking, which may cause a plastic damage 
accumulation in a brake disk without cooling. The simulation results are consistent with the experimental results well. 
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1 Introduction 
 

Lightweight is one of the key technologies for the 
high-speed trains. Unsprung weight can be reduced by 
using SiC/Al brake disk, so as to reduce the weight of 
high-speed trains. Comparing to iron and steels, SiC/Al 
composite has larger linear expansion coefficient and 
lower strength at high temperature, which increases the 
thermal damage tendency and limits the speed range of 
SiC/Al brake disks [1]. Recently, the co-continuous 
metal–ceramic composites have been applied widely to 
dry friction and wear applications since they can 
effectively enhance the tribological performance of the 
materials [2,3]. Since the SiC continuous network 
structure ceramics are a very promising material for high 
temperature structural applications and reinforcement in 
the SiC/6061 alloy composite materials, the composites 
have excellent mechanical properties and friction 

behavior, and can be used as the brake disk material [4,5]. 
In our previous work, the co-continuous SiC/Al alloy 
composites (SiCn/Al) consisting of two interpenetrating 
continuous networks, Al alloy and SiC ceramic, were 
prepared [5,6]. It is well known that the main problem of 
braking and stopping a high-speed train, such as China 
Railway High-speed 3 (CRH3) system, is the great input 
of heat flux into the disk in a very short time. High 
temperature can cause a fall in friction coefficient, or 
fade, and increased wear of both discs and pads [7]. Both 
fade and increased wear are affected by local thermal 
distortions of the disc, which can lead to macroscopic hot 
spots (MHS) [8]. These MHSs are amongst the most 
dangerous phenomena in brakes, since they are 
associated with high thermal gradients. The consequent 
stress fields can lead to low cycle fatigue of the discs, 
cracking, and even catastrophic failure [9]. For these 
reasons, brake discs are often designed with slots or 
holes to create turbulence as they rotate, and thus to 
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enhance convective heat transfer to the air [10]. The 
design constraints on the discs make it difficult to 
optimize every aspect of their design simultaneously, 
since it is desirable to optimize the weight and stiffness 
of the discs as well as their heat capacity and heat 
transfer capability, which leads to conflicting design 
requirements. The methods solving brake disk 
optimization concentrated on finite element method 
[11,12], approximate integration method [13,14], Green’s 
function method [15] and Laplace transformation method 
[16], etc. The former three methods are numerical 
solution methods and are of low relative accuracy. For 
example, finite element method can solve the complicate 
heat conduction problem, but the accuracy of 
computational solution is relatively low, which is 
affected by mesh density, step length and so on. Though 
the Laplace transformation method is an analytic solution 
method, it is difficult to solve the equation of heat 
conduction with complicated boundaries. In fact, the 
temperature gradient and thermal stress of the brake disk 
are affected by the airflow through and around it. 
However, seldom calculations consider cooling with 
wind during the braking process. Therefore, the analytic 
solution called finite element (FE) and computational 
fluid dynamics (CFD) methods was adopted [17], 
because it is suitable for solving the problem of 
non-homogeneous transient heat conduction with airflow 
cooling. 

This work was focused on the temperature and 
thermal stress analysis of the co-continuous SiCn/6061 Al 
alloy composite (SiCn/6061 Al) brake disk of CRH3 
under centrifugal and thermal load during emergency 
braking considering airflow cooling, with the help of 
finite element calculation software. The airflow through 
and around the brake disk was analyzed [18]. The 
multi-contact elastic-plastic thermal-mechanical coupling 
model of disc brake was established in order to 
investigate the thermal-mechanical coupling problems. 
This provides the methods for the research on the 
thermal damage and structural design of the brake disk. 
The heat transfer coefficients considering convection and 
radiation were calculated and later used as a boundary 
condition in thermal numerical analysis using the 
Solidwork2012 Flow software package [19]. 
 
2 Modeling for calculation 
 

The SiCn/6061 Al composite was obtained by 
infiltration of molten 6061 Al alloy (0.40%−0.80% Si, 
0.70% Fe, 0.15%−0.40% Cu, 0.15% Mn, 0.80%−1.20% 
Mg, 0.04%−0.35% S Cr, 0.25% Zn, 0.15% Ti, balance Al) 
into SiC network ceramic by vacuum-pressure casting 

process [20]. The SiC continuous network structure 
ceramic preforms were prepared by the porous 
polyurethane coated with large amounts of aqueous 
reactant containing α-SiC power (purity>99%, d50=1.5 
μm). The microstructure of SiCn/6061 Al is shown in Fig. 
1. The bright phase is the 6061 Al alloy matrix, and the 
dark phase is the SiC network. The models of the 
SiCn/6061 Al brake disk for CRH3 high-speed train are 
shown in Fig. 2. The white part shown in Fig. 2(a) is the 
6061 Al alloy matrix for brake disk. The black parts 
shown in Fig. 2(b) are SiCn/6061 Al alloy composites 
which are embedded in the disk. In this analysis the 
brake disk without wear model was considered. The 
basic dimension of the brake disk is shown in Fig. 2(d). 
The brake disk has 22 cooling vanes equally spaced, 
which enables the usage of symmetry with a basic angle 
of 15°. 
 

 
Fig. 1 Microstructure of SiCn/6061 Al alloy composites 
 
3 Calculation of cooling factors 
 
3.1 Flow calculation boundary 

The airflow through and around the brake disk was 
analyzed using the Solidwork2012 simulation software 
package. The heat transfer coefficients considering 
convection and radiation were calculated and organized 
in such a way that they could be used as a boundary 
condition in thermal analysis. The averaged heat transfer 
coefficients at a flow rate of 7.85 L/s, and an angle of 
90°, for the nozzle-to-plate spacing H/D values of 3, 6 
and 10 were applied in the calculation [21]. The brake 
disk model for calculation is shown in Fig. 3. A three 
dimensional model of the whole was chosen for airflow 
cooling numerical calculation, with size of 1200 mm × 
1200 mm × 500 mm. The axisymmetric eight-node 
isoparametric elements were used for the finite element 
analysis of the model. To allow the gradient of the 
variables at the interfaces and boundaries, the finer mesh 
near the interfaces of disk brakes was adopted using the 
mapping function. The rest of the model was more 
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Fig. 2 SiCn/6061 Al embedded in brake disk for high-speed train: (a) 6061 Al alloy matrix for brake disk; (b) SiCn/6061 alloy 
composites array; (c) SiCn/6061 Al alloy brake disk; (d) Basic geometry of section of brake disk 
 

 
Fig. 3 Boundary conditions for airflow cooling analysis 
 
roughly meshed, as it serves only for inflowing and 
outflowing air visualization. 

The model applied periodic boundary conditions on 
the section sides. As the brake disk was made out of the 
SiCn/6061 Al alloy composite, the surface roughness was 
taken to be 5 mm. The disk interfaces were heated 
uniformly. The disk model was attached to an adiabatic 
shaft whose axial length spans that of the domain. 
Airflow around the disk was considered to be 30 °C, and 
open boundaries with zero relative pressure were used 
for the upper, lower and radial ends of the domain. For 
modeling the emergency braking phenomena, the brake 
disk was accelerated with the constant value of 0.8 m/s2 
and reached the velocity of 300 km/h , then the braking 
started and caused constant deceleration with the rate of 
1.117 m/s2 applying emergency braking. During braking, 

braking disk temperatures were calculated and used for 
the numerical simulation considering airflow cooling. 
Material data were taken from Solidworks Simulation 
Flow material data library in air at 25 °C. Reference 
pressure was set to be 1.01×105 Pa, turbulence intensity 
was low and the turbulent model used for the finite 
element analysis was k-ε. 

The Solidwork2012 Flow software package 
automatically calculates the heat transfer coefficient at 
the wall boundary using  

nwb

w
c TT

qh
−

=                                 (1) 
 
where hc is the heat transfer coefficient, qw is the heat 
flux at the wall boundary, Tb is the boundary temperature 
(that is, outside the fluid domain) and Tnw is the 
temperature at the internal near-wall boundary element 
center node [22]. To enable universal usage of the results, 
the solver had to be set to compute the convective heat 
transfer coefficient related to ambient (constant) 
temperature using  

∞−
=

TT
q

h
b

w
c                                 (2) 

 
where T∞ is constant ambient temperature. 

The result was converged with approximately 130 
iterations, which indicates that the mesh and boundary 
conditions were properly chosen. 
 
3.2 Thermal calculation boundary 
3.2.1 Determination of heat flux load 

The brake disc is symmetric, however, the whole 
disk was modeled in the simulation in order to obtain the 
relatively accurate calculation results. Temperature 
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dependent material data were taken from our experiment 
data and some basic vehicle data are listed in Tables 1 
and 2 [23]. 

 
Table 1 Properties of brake disks of SiCn/6061 Al composite 

Property Value 

Heat conductivity, λ/(W·m−1⋅K−1) 5 

Density, ρ/(kg·m−3) 3.7×103 

Specific heat capacity, cp/(J·kg−1⋅K−1) 650 

Module of elasticity, E/GPa 254 

Poisson number, ν 0.13 

 
Table 2 Basic data for brake disks 

Parameter Value 

Mass of vehicle, M/kg 5.5×104 
Start velocity, v0/(m·s−1) 83 
Deceleration, a/(m·s−2) 0.77 

Braking time, tb/s 107 
Effective radius of braking disk, rd/m 0.254 

Radius of wheel, rw/m 0.430 
Incline of track, δ/% 1.1 

Friction coefficient of disk/pad, μ 0.32 
Surface of braking pad, Ac/mm2 2.0×104 

 
Cooling due to heat convection and radiation was 

modeled with surface film condition. The film coefficient 
is dependent upon the part temperature. During each 
braking, a surface heat flux with the beginning value 
obtained from Ref. [24] was applied on the interfaces 
under the brake pads. The heat flux was calculated using 
basic vehicle data that were available, such as gross 
vehicle mass, rear/front brake distribution, share of heat 
taken over by brake disk and basic brake disks geometry. 
Heat flux is calculated using 
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where Pdisk is braking power at each front disk, tstop is the 
time of braking to standstill, and Afriction is the area of the 
friction ring that the brake pads contact the brake disk. 
 

2
discAMS/vehicle

disc
η⋅⋅⋅⋅

=
vdam

P rf               (4) 
 

The braking power is calculated using Eq. (4). 
mvehicle is the gross vehicle mass, a is the deceleration, df/r 
is the front to rear brake power distribution, vAMS is the 
initial velocity of braking procedure, and ηdisk is the share 
of heat absorbed by brake disk. 

As we know the brake pad geometry, it is easy to 
calculate the area of the friction ring:  

∏ −= )(2 22
0friction irrA                       (5) 

where r0 represents the outer diameter of friction ring 
and ri is the inner diameter of friction ring. The heat flux 
has a greatest value at the beginning of braking, then 
falls linearly to 0 at the end of braking, and remains 0 
when the vehicle is accelerating. Another cycle repeats 
itself when the vehicle is braking again. 
3.2.2 Determination of physical model 

The goal was to find out the distribution of 
temperature in the brake disk considering airflow cooling. 
The initial temperature of the brake disk and the 
surrounding was 50 °C. The part of the braking energy 
that transfers to the surrounding air was not considered. 
The heat flux was applied in the calculation [24]. 
Additionally, the effect of heat transfer with radiation 
was considered. Braking on the flat track derives from 
the physical model for determination of the heat transfer 
in dependency from the braking time. Besides that, the 
weight distribution of the vehicle was considered. The 
weight arrangement was 60/40 [25] in the favor of the 
front part of the carriage. This means that the front part 
of the carriage takes 60% of the whole load. In our case 
only 10% of the whole brake force was applied to one 
disk from the front part of the carriage. Because of the 
mentioned weight distribution, only the front part of the 
carriage was analyzed. Every carriage consists of four 
axles with three brake disks attached to each axle. The 
kinetic energy [26] for one wheel considering constant 
deceleration is 
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The change of energy is equal to the heat flux on the 

interface of the disk. This ratio was used to calculate the 
thermal load on the brake disk. Other data used for the 
analysis are listed in Table 1 and 2. 

Force which works on the brake disk is calculated 
as [27] 
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Instant heat flux entering one side of the braking 
disk is calculated as 
 

)()()( 0diskdiskdisk tav
r
rFtvFtQ
w

d ⋅−⋅⋅=⋅=  

 W 1926 076672 t −=                      (8) 
 

The calculated heat flux was considered for both 
sides of the disk. Because the stress was also analyzed, 
the disk needs to be properly fixed. The disk was put 
together rigidly where the disk was screwed onto the hub 
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as shown in Fig. 4. The forming of the volume mesh was 
automatic. The mesh consists of 10195 tetrahedral 
elements. A mesh was created and refined using the mesh 
refining tool until a sufficient degree of accuracy was 
reached. To perform the analysis, the material properties 
from Table 1 and 2 were used. 
 

 

Fig. 4 SiCn/6061 brake disk section with thermal, force load, 
and fixing spot 
 
4 Results and discussion 
 
4.1 Flow analysis 

The speed of the airflow through the brake disk 
applying emergency braking with the speed of 300 km/h 
shown in Fig. 5 have a direct influence on the heat 
transfer coefficients of the disk as shown in Fig. 6. It can 
be noticed that where the cooling airflow has a greater 
velocity, the heat transfer coefficients are higher. For 
further application of the calculated data in this research, 
the wall heat transfer coefficients had to be arranged into 
a form that could be used as an input in the followed 
thermal simulation. 
 

 
Fig. 5 Speed of airflow through SiCn/6061 brake disk applying 
emergency braking with speed of 300 km/h 

 

 
Fig. 6 Heat transfer coefficients of SiCn/6061 brake disk 
applying emergency braking with speed of 300 km/h 
 
4.2 Thermal analysis without airflow cooling 

The results show that in case of emergency braking 
on the flat track, the highest temperature in the friction 
interface of the new SiCn/6061 disk reaches up to 461 °C 
without considering airflow cooling, and the highest 
temperature regions are in the friction ring as shown in 
Fig. 7(a). The highest allowed temperature of the disk is 
600 °C under the long-term condition. In Fig. 7(a), it is 
noted that the temperature decreases in the direction of 
median plane of the disk to reach its minimal value. The 
cooling ribs and the parts where the disk is bolted to the 
hub are almost unaffected by temperature changing. The 
higher temperature appears on areas where the wreath of 
the disk and the cooling ribs are not connected. In this 
case the ribs are more severely exposed to the heat flux 
because the disk wreaths are thinner, then the 
temperature distribution is nonuniform and great 
temperature gradient exists in a single disc. The maximal 
temperature is reached after a time period of 107 s, as 
shown in Fig. 7(b). It is noted that there is an appreciable 
variation of temperature between the SiCn/6061 
composite and the Al matrix in the disk. The SiCn/6061 
composite can have enhanced thermal performance of 
energy absorption as compared to the conventional 
particle-reinforced composites, fiber-reinforced 
composites, and lamellar composites. According to Figs. 
7 and 8, the SiCn/6061 brake disk has the best thermal 
behavior. 

It is known that the thermal stresses in the disk 
appear because of the temperature rising. The goal of this 
analysis is to determine the influence of the centrifugal 
load and the thermal load. In the case of a flat track and 
considering the centrifugal load, the stress is given by 
von Mises stress. The stress is 237 MPa between the disk 
and pad at the friction interface as shown in Fig. 8(a). 
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Fig. 7 Temperature distribution of SiCn/6061 brake disk (a) and 
temperature plot from beginning to end of simulation (b) 
 
The ribs are more severely exposed to the heat flux 
because the disk wreaths are thinner, which can lead to 
the high stress of the disk, where the thermal stress is the 
highest, 253 MPa, as shown in Fig. 8(b). From the results 
we can see that on the spots the von Mises stress is 269 
MPa, which is still smaller than the permitted value of 
314 MPa, considering a safety factor of 1.5. However, 
the maximum surface stress may exceed the material 
yield strength during an emergency braking, which may 
cause a plastic damage accumulation in a brake disk 
without cooling. From the experimental data it can be 
concluded that the thermal expansion coefficient and the 
elastic modulus of the SiCn/6061 composite have an 
important effect on the properties of friction surfaces of 
the brake disk. Consequently, the strain rate dependence 
is supposed to be well approximated with a bilinear 
function and the material model strength used was the 
Johnson-Cook model [28]. From Figs. 8 and 9 it can be 
observed that the behavior of thermal radial strain is 
completely different as compared with the behavior of 
the solid brake disk in Ref. [29]. It can be concluded that 
the co-continuous microstructure of the SiCn/6061 
composite has significant effect on the thermomechanical 
response of the disks. In an emergency stop, when most 
of the kinetic energy of the vehicle is transmitted to the 
discs as heat, the disc may reach a temperature of 500 °C 

[30]. One of the most dangerous conditions in frictional 
brakes is the formation of MHSs. In this case, we note 
that the SiCn/6061 composite will not only reduce the 
maximum temperature, but also naturally tend to reduce 
thermal gradients. For the validation purposes of the 
numerical scheme of the solution, experimental 
investigations were developed. The results showed that 
MHSs were explicitly able to be identified, particularly 
during the emergency braking. And SiCn/6061 composite 
might remove heat from the brake disc much more 
rapidly than the solid Al disc, which may thus provide a 
means of alleviating some of the thermal problems 
encountered in practical situations. Theoretical 
predictions agree well with the experimental estimations. 
 

 
Fig. 8 Numerical simulation of thermal stress of SiCn/6061 
brake disk without considering airflow cooling: (a) Thermal 
stress distribution of friction interface; (b) Thermal stress 
distribution from back elevation direction 
 
4.3 Thermal analysis with airflow cooling 
4.3.1 Analysis of temperature field 

Figure 9(a) shows that in case of emergency braking 
on the flat track, the highest temperature in the friction 
interface of the new SiCn/6061 disk reaches up to 359 °C 
with considering the airflow cooling. The highest 
temperature gradient of the friction layer decreases more 
smoothly along the z-direction, as compared to the case 
without considering airflow cooling (Fig. 7(a). The 
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numerical simulation shows that radial ventilation plays 
a very significant role in cooling of the disk in the 
braking phase. The higher convection coefficients 
achieved by airflow cooling will not only reduce the 
maximum temperature at the friction interface, but also 
naturally tend to reduce thermal gradients of the cooling 
ribs and the parts where the disk are bolted to the hub, 
since heat will be removed faster from hotter parts of the 
disk. So the airflow cooling should be very effective to 
reduce the risk of MHS formation. 
 

 
Fig. 9 Numerical simulation of temperature of SiCn/6061 brake 
disk considering airflow cooling: (a) Temperature distribution 
of friction interface; (b) Temperature distribution from side 
elevation direction 
 
4.3.2 Analysis of stress 

Figure 10(a) shows that cooling ribs play a very 
significant role in cooling of the disk in the braking stage 
considering airflow cooling. The variation of 
non-dimensional radial thermal stress is due to thermo 
mechanical load of the mounted SiCn/6061 brake disks 
with different values of the temperature gradient. This 
phenomenon can be explained by the presence of 
interactive effects between thermomechanical load and 
contact area. It is seen that the maximum thermal radial 
stress decreases to 164 MPa, which is lower than 269 
MPa as shown in Fig. 8(b). Thermal stress distribution of 
friction interface is not centrosymmetry and the thermal 

stress course has a curved elliptical shape as a result of 
airflow cooling. 
 

 
Fig. 10 Numerical simulation of thermal stress of SiCn/6061 
brake disk with considering airflow cooling: (a) Thermal stress 
distribution of friction interface; (b) Thermal stress distribution 
from back elevation direction 
 
4.4 Comparison of experiment results with simulation 

considering airflow cooling 
The dry friction and wear behavior of 6061 Al alloy 

reinforced with SiC continuous ceramic network against 
Cu alloy reinforced with SiC continuous ceramic 
network were studied with the MM1000-type 
ring-on-ring wear tester under the condition of 
emergency braking at the speed of 300 km/h considering 
airflow cooling at room temperature. The detail of the 
test was illustrated in Ref. [31]. In our experiment, the 
rings made of SiCn/6061 and SiCn/Cu after the test were 
usually destroyed, cracked and overheated. Figure 11 
shows that the temperature at the friction interface 
increases at first, and then decreases; the highest 
temperature by simulation is lower than the experimental 
data. It can be seen that the experimental results are very 
similar to those obtained by numerical simulation. It is 
observed that the temperature obtained by simulation 
reaches the maximum of 461 ºC at 107 s while the 
experimental data comes up to the maximum of 532 °C 
at 93 s without considering airflow cool. However, the 
simulated temperature reaches the maximum of 359 °C 
at 105 s, while the experimental data reach up to 392 °C 
at 98 s considering airflow cooling. The measured 
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cooling curves in 50−200 °C are superimposed on the 
predicted curve, showing its accuracy based on CFD 
coupled heat calculation method. The agreement between 
the measured and predicted values at lower temperatures 
is good. It shows that airflow cooling can remove heat 
from the brake disc rapidly. The predicted temperature is 
lower than the measured in the range of 300−500 °C, 
which can be explained that there is a large delay or time 
lag for brake disc’s temperature as measured in our 
experiment, no cooling occurred at the beginning of the 
braking. Therefore the surface temperature increases 
sharply at this time, thus the aerodynamic design has 
inconsiderable effect on the reduction of maximum 
temperature at the braking surface [31]. And higher 
convection coefficient might influence the heating of the 
disc during braking itself. The simulated results of the 
braking are similar to those of MARTIN et al [32]. 
Additionally, the distance of airflow from the edge of the 
disk [33], the airflow direction [34], and the radial 
locations of around r/D [35], were not considered in the 
simulation, which might influence the cooling of the 
disc. 
 

 
Fig. 11 Measured and predicted temperature at friction surface 
of SiCn/6061 brake disk during emergency braking with or 
without considering airflow cooling 
 
5 Conclusions 
 

The thermal and stress analyses of a SiCn/6061 
composite brake disk for CRH3 railway vehicles during 
emergency braking at a speed of 300 km/h with and 
without considering the airflow cooling were studied 
using FE and CFD methods. The results revealed that 
SiCn/6061 composite can effectively enhance the thermal 
performance of the brake disk; the highest temperature 
after emergency braking was 461 °C and 359 °C without 
and with considering airflow cooling, which occurred at 
about 107 s and 105 s, respectively. The maximum stress 
can reach 269 MPa and 164 MPa without and with 
considering airflow cooling, respectively. The SiCn/6061 

composite will not only reduce the maximum 
temperature, but also naturally tend to reduce the thermal 
gradients. SiCn/6061 composite and airflow cooling 
should therefore be very effective to reduce the risk of 
MHS formation. The measured cooling curves are 
superimposed on the predicted curve to show its 
accuracy based our CFD coupled heat calculation 
method. 
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用于 CRH3 的 SiC/6061 铝合金共连续复合材料制动盘在 
紧急制动过程中考虑气流冷却情况下的热分析 
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摘  要：使用 SiC 网络陶瓷骨架增强的 6061 铝合金复合材料(SiCn/Al)制动盘可以减少高速列车的质量。采用有限

元(FE)和计算流体动力学(CFD)方法计算在300 km/h速度下实施紧急制动过程中考虑气流冷却条件下SiCn/Al制动

盘的热和应力。分析制动器总成及其界面的设计特点时考虑了传导、对流和辐射这三种传热的模式。结果表明，

具有较高对流系数的气流冷却不仅降低制动中的最高温度，也降低了温度梯度，因为气流加速了制动盘上较热部

分的热量散失。有效的气流冷却可以减少制动盘上热斑的形成和盘体的热变形。有无考虑气流冷却时，实施紧急

制动后，制动盘最高温度分别为 461 ℃和 359 ℃。有无考虑气流冷却时，制动盘的等效压力可分别达到 269 和 164 

MPa。然而，在实施紧急制动时，制动盘表面的最大应力可能超过材料的屈服强度，这可能导致在不带冷却时制

动盘的塑性损伤累积。模拟结果与实验结果相一致。 

关键词：有限元法; 制动盘；共连续 SiC/6061 复合材料；热分析；气流冷却 
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