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Corrugated core sandwich structures have great potential in the application to thermal protection system of aerospace vehicles.
However, the traditional layout of web plates could inevitably lead to thermal short effects and high risk of buckling failure of
the integrated thermal protection system (ITPS). In this paper, a novel double-layer ITPS is proposed by splitting and
reorganizing a classical corrugated sandwich structure without additional introducing of weight. Distribution types of parallel,
symmetric, and orthogonal of the double layers are designed and studied in detail. Basic theory of the thermomechanical
problem as well as finite element simulation is carried out to study the responses of the ITPS. Numerical results show that the
orthogonal type has more excellent yield resistance at high temperature and large temperature gradient than the others, while
the parallel type has a relatively stronger buckling resistance. In addition, the structural stiffness variation caused by
temperature dependencies of material parameters is greater than that caused by thermal stress, which shows the significance of
consideration of temperature-dependent material properties in structure vibration analysis.

1. Introduction

During the flight of a hypersonic vehicle, especially a reus-
able launch vehicle, it will be exposed to severe environmen-
tal conditions and mechanical loads such as aerodynamic,
aerothermal, vibration, and sometimes impact loads [1–3].
Due to the high aerodynamic heating and pressure, a
thermal protection system (TPS) becomes one of the most
important subsystems for hypersonic vehicles [4–6]. The
basic function of a TPS is to avoid thermal failure of the
main structure and keep the inside temperature within an
acceptable level. An apparent way to improve the thermal
insulation ability of a TPS is to enlarge its thickness. How-
ever, optimization of mechanical property and structure
weight also has to be considered during design of a TPS, as
it has significant influences on the overall performance of
the flight vehicle. Hence, integrated thermal protection sys-
tems (ITPSs) have been invented and attracted widely atten-
tions [7–9]. One classical type of ITPSs is the corrugated
core sandwich panel, which consists of two thin surface
plates and a corrugated core filled with thermal insulation

material [10–12]. Compared with a TPS made of thermal
insulation material simply layered between two surface
plates, the corrugated core of ITPS keeps the surface plates
apart and stabilizes them by resisting vertical deformation,
transverse shear strain, and longitudinal curvature [13–15].

Investigations on thermomechanical properties and
optimization designs of the corrugated core sandwich ITPSs
are easy to find in literature. The Langley Research Center of
NASA [16] proposed an improved corrugated sandwich
ITPS composed of truss plate and thermal insulation core,
of which the thermal short-circuit effect and structure
weight were greatly reduced. Based on the corrugated sand-
wich ITPS, Steeves et al. [17] proposed a multilayer ITPS,
but its preparation was complex and the connection process
was difficult. Hu et al. [18] designed corrugated lattice truss
sandwich panels and observed potential failure modes of
structure fracture and bulking in compression. Zhao et al.
[19] proposed a corrugated channel sandwich core available
for load-bearing and active cooling systems, whose compres-
sion performance was better under the same density.
Ravishankar et al. [20] carried out thermal and mechanical
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analyses with uncertainties for ITPS with double layers. Frostig
and Thomsen [21] carried out nonlinear analysis of a delami-
nated curved sandwich panel with a compliant core, where
the delamination is located at one of the face-core interfaces.
Ge et al. [22] designed a sandwich structure with bidirectional
corrugated core and manufactured by 3D printing. Shi et al.
[23] devised and fabricated an all-composite sandwich structure
with corrugated core. Zhu et al. [24] designed and developed the
analytical models for elastic properties as well as collapse sur-
faces of an orthogonal corrugated sandwich structure. Xu
et al. [25] designed a multilayer ITPS consisting of a carbon
fiber-reinforced silicon carbidematrix composite (C/SiC) panel,
a glass wool layer, and a titanium (Ti) lattice sandwich filled
with glass wool. Shi et al. [26] designed an all-composite sand-
wich panel with corrugated core which was fabricated using the
hot press molding method. Yang et al. [27] reviewed the high
performance of an energy absorption capacity with bioinspired
sinusoidal corrugated core under quasistatic loads. Sareh [28]
studied the design of a developable double corrugation surface
that could be employed for transformable structures. Frank
et al. [29] presented the influences on mechanical properties
of a zigzag-like fold core sandwich structure in a compression
test. Ma et al. [30] proposed a combined ITPS consisting of a
C/SiC composite corrugated sandwich panel filled with thermal
insulation material and an additional thermal insulation layer.
Xu et al. [31] minimized the equivalent thermal conductivity
and elastic strain energy of the corrugated sandwich panel and
established a topology optimization method to deduce a novel
core structure.

Though many of the ITPSs in literature perform better
than multilayered TPSs in thermomechanical properties,
they also have obvious shortcomings. For example, adding
weight lightening holes in the web plates is a typical optimiz-
ing way for ITPS because of its contributions on weight
reduction as well as thermal short-circuit alleviation, but
holes will weaken the stiffness and load-bearing capacity of
the whole structure. In fact, under the conditions of aerody-
namic heating and complex mechanical loads, thermome-
chanical properties are such important as they usually
decide the integrity and security of ITPSs [32–34]. However,
from the literature, most of the thermomechanical behavior
researches of ITPSs focus on static problems; investigations
on dynamic responses are relatively few [35–37]. About
40% of many major accidents of flight vehicle are related
to vibration. During flight, the components on the flight
vehicle are suffering various vibration loads such as engine
vibration and unsteady aerodynamic force. In addition, large
temperature gradient and local constraints will cause high
thermal stresses in the ITPSs, which may affect the stiffness
as well as vibration characteristics of the structure. Hence,
a novel type of optimized ITPS will be carried out in this
paper, and its dynamic thermomechanical behaviors will
be studied in detail.

2. Geometric Structure of the Novel ITPS

The current ITPS is designed based on a classical corrugated
core sandwich panel. To avoid introducing additional
weight, the following splitting and combining operations

are utilized. Splitting part of the top face sheet (TFS) and
the bottom face sheet (BFS) and then combining them into
one as a middle face sheet (MFS), a double-layer sandwich
panel is achieved. Meanwhile, an original web plate is
divided into four small web plates, and each layer of the
sandwich structure will have four web plates to maintain
that the original weight and volume of the whole structure
remain unchanged. Therefore, a novel type of double-layer
corrugated sandwich panel is structured as shown in
Figure 1.

Considering spatial layout of the two layers of the sand-
wich core, three different types are designed; those are paral-
lel, symmetric, and orthogonal ones. The coordinate system
(X, Y , and Z), geometric size parameters, and unit cells of
the three types are shown in Figure 2.

3. Thermoelastic Behavior of the Double-Layer
Corrugated ITPS

3.1. Governing Equations of the Heat Transfer and Thermoelastic
Problems. As the TPS on a hypersonic flight vehicle mainly
prevents the high heat flux transferring into the cabin through
its thickness, the current analysis will mainly focus on the
thickness direction of the ITPS. As shown in Figure 3, an inci-
dent heat flux is subjected to the outer surface of the structure,
and the inner boundary of the structure exchanges heat freely
with the inner environment.

The governing equation of transient heat conduction for
a solid body can be written as [38]

ρ Tð Þc Tð Þ ∂T∂t = ∂
∂x

k Tð Þ ∂T∂x
� �

+ ∂
∂y

k Tð Þ ∂T∂y
� �

+ ∂
∂z

k Tð Þ ∂T∂z
� �

,

ð1Þ

where x, y, and z are the coordinates, t is the time, k is the
thermal conductivity, ρ is the mass density, c is the specific
heat, and T is the temperature.

When t = 0, a room temperature is used as initial condi-
tion; that is,

T x, y, z, 0ð Þ = T0: ð2Þ

Considering the heat exchange between the inner surface
and the air inside the cabin, the inner boundary condition
should be [38]

−k Tð Þ ∂T
∂z

����
inner surface

= h Tw − T inð Þ, ð3Þ

where h is the heat exchange coefficient, Tw is temperature
of the inner boundary, and T in is the inside temperature of
the cabin.

Considering thermal radiation, the outer boundary con-
dition can be written as [39]

−k Tð Þ ∂T
∂z

����
outer surface

− εσ T4
s − T4

∞
À Á

= −q tð Þ, ð4Þ
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Figure 1: The process of structuring a novel double-layer corrugated sandwich panel by splitting and recombining.
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Figure 2: Three types of the double-layer corrugated ITPSs.
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Figure 3: Heat transfer analysis model of the structure.
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where ε is the emissivity of the top surface, σ is the Stefan-
Boltzmann constant, Ts is the temperature of outer bound-
ary, T∞ is the outside environment temperature, and qðtÞ
is the heat flux.

According to the linear thermoelastic theory and the
generalized Hooke’s law, constitutive relation of the struc-
ture can be [39–41]

εx =
σx − μ σy + σz

À ÁÂ Ã
E

+ αΔT ,

εy =
σy − μ σz + σxð ÞÂ Ã

E
+ αΔT ,

εz =
σz − μ σx + σy

À ÁÂ Ã
E

+ αΔT ,

8>>>>>>>><
>>>>>>>>:

ð5Þ

γxy =
τxy
G

,

γyz =
τyz
G

,

γzx =
τzx
G

,

ð6Þ

where εx, εy, and εz are the normal strains; γxy, γyz, and γzx are
the shear strains; and u, v, and w stand for displacements,
respectively. α is the thermal expansion,ΔT is the temperature
difference, and αΔT represents the thermal strain.

Ignoring body force, the equilibrium differential equa-
tion should be [39]

∂σx
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+
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,

8>>>>>>>>><
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where σx , σy, and σz are the corresponding normal stress;
τxy, τyz , and τxz are the shear stresses, respectively; E is
Young’s modulus; G is the shear modulus; and μ is Poisson’s
ratio.

Considering elastic deformation, the linear geometric
equation as follows can be used [39]:
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∂u
∂x

,

εy =
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∂y

,
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∂w
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,
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Combining Equation (5)~Equation (9), the governing
equations expressed by displacements u, v, and w can be
achieved. To solve the thermomechanical problem, the fol-
lowing boundary conditions will be applied.

A time-dependent pressure caused by aerodynamic phe-
nomenon will be considered on the outer surface of the
structure as

σzjouter surface = p tð Þ: ð10Þ

To simulate the connections between the calculated
structure and the surround parts, some necessary constrains
of displacements will be applied, and the detail information
will be stated in the following section where the numerical
model is described.

3.2. Numerical Results of the Temperature and Stress
Distributions. The commercial finite element software Aba-
qus is used for numerical calculation. As the heat conduction
and thermomechanical behavior are both investigated in
detail in this paper, a sequentially coupled analysis method
is used. That is, a transient heat conduction step is applied
and solved to achieve the time-dependent temperature field,
and then, the temperature results will be used as a prede-
fined field in the mechanic step.

Before the numerical examples, a validation example to
show the correctness of the simulation process of the current
work is carried out. A simplified corrugated core sandwich
plane is modeled here, of which the geometrical shape, sizes,
material parameters, and thermal loads are all the same as
those in Ref. [42]. Figure 4 shows comparison of the results
in the reference and calculated by the numerical process of
this paper. Obviously, the results are close enough (with a
maximum deviation of about 2.75%) to indicate the correct-
ness and reliability of the numerical process of this paper.

For the current analysis, the titanium alloy (Ti-6Al-4V)
is used for the top, bottom, and middle face sheets as well
as the web plates. The temperature-dependent material
properties of Ti-6Al-4V are listed in Table 1 [43], and its
Poisson’s ratio is 0.31. The sandwich core is filled with Saffil
fibrous thermal insulation material whose temperature-
dependent material properties are given in Table 2 [43].

The heat flux subjecting to the outer surface of the struc-
ture is assumed to vary along time as shown in Figure 5, and
the aerodynamic pressure is given in Figure 6 [44]. Radiation
emissivity of the outer surfaces is set to be 0.8, and heat
exchange coefficient of the inner surface is set to be 15. Note
that perfect interfaces between various materials are consid-
ered in the current model; hence, thermal contact resistance
is ignored.
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In the following numerical examples, geometric sizes of
the structure are listed in Table 3, where the meaning of each
parameter is shown in Figure 2(a).

Note that the thermal insulation material filled in the
sandwich core is a kind of soft and flexible cotton wool
material with low density, of which the stiffness is extremely
low compared with the other parts of the ITPS. Therefore, in
the following analysis, thermal insulation material will only
be modeled in the calculation of temperature filed, while
be ignored when investigating the load-bearing performance
of the structure.

To save computing resources, only a small typical part of
the whole structure is modeled. The mechanical load and
boundary conditions are shown in Figure 7, where the detail
boundary conditions (BCs) are set as follows:

BC I and II: symmetric boundaries, to simulate the con-
nection between the modeled part and the surrounded parts
with identical structure;

BC III: the displacements are constrained, to simulate the
connection between the modeled part and the cabin of the
flight vehicle.
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Figure 4: Comparison of the results in Ref. [42] and calculated by the numerical process of this paper for a simplified model.

Table 1: Temperature-dependent material property parameters of Ti-6Al-4V [43].

T (°C) ρ (kg·m-3) k (W)/(m·K)-1 c (J)/(kg·K)-1 E (GPa) α (10-6·K-1)

0 4429 7.0 562 110.9 8.65

50 4429 7.4 549 108.0 8.82

150 4429 8.1 557 100.5 9.16

250 4429 9.4 591 93.8 9.44

350 4429 10.9 629 86.9 9.73

450 4429 12.2 673 79.6 10.0

550 4429 13.4 725 53.3 10.2

650 4429 14.4 780 44.0 10.3

750 4429 15.2 860 32.6 10.3

850 4429 15.8 928 21.1 10.3

Table 2: Temperature-dependent material property parameters of
Saffil [43].

T (°C) k (W)/(m·K)-1 c (J)/(kg·K)-1

100 0.02669 724.32

200 0.02916 950.4

300 0.04359 1021.58

400 0.06251 192.75

500 0.08673 1138.81

600 0.11739 1172.3

700 0.15402 1197.42

800 0.19813 1222.55

900 0.24972 1239.29

1000 0.30879 1251.85

1100 0.37683 1260.23

1200 0.45309 1268.6

1300 0.53833 1472.75
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As the model is relatively simple, the type of structured
grid is used. To verify the grid independence of the numer-
ical results, a model including 1/4 part of the structure (the
left in Figure 7) is built and the temperature field is calcu-
lated under different mesh size. Figure 8 shows the temper-
ature results at the bottom of the 1/4 model separately
using the grid sizes 1.0mm, 0.5mm, and 0.1mm. Obviously,
the difference is small enough to indicate the grid indepen-

dence. Hence, in the following numerical examples, grid
sizes about 1.0mm will be used to save computing resources.

Figure 9 shows the maximum stress and displacement
fields of the three designed structure types. It can be seen
that the maximum stress value of the orthogonal type is
721MPa, which is 399MPa and 182MPa less than the par-
allel and symmetric types, respectively. The maximum stress
of the parallel type exceeds the allowable stress of the
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Figure 5: Aerodynamic heat flux of a typical hypersonic cruise vehicle [44].
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Figure 6: Aerodynamic pressure of a typical hypersonic cruise vehicle [44].

Table 3: Geometric parameters of the structure.

Parameters tT (mm) tB (mm) tW (mm) L (mm) H (mm) θ (°)

Sizes 2 3 1.5 80 40 76

6 International Journal of Aerospace Engineering



material. For the location where the maximum stress occurs,
the one of parallel occurs at the junction of the middle face
sheet and the upper web plate, while the ones of the other
two types occur near the bottom face sheets. For the maxi-
mum displacement, the three schemes have little difference.
The position of maximum displacement happens at the cor-
ner of the top face sheet.

Figure 10 shows variations of the maximum stresses and
displacements along time of the three types of ITPSs. It can
be seen that the maximum stresses of the three schemes have
little difference after 2500 s. In the range of 1000 s~2500 s,
the maximum stress value of the orthogonal type is lower
than the parallel and symmetric types, which may tell that
the orthogonal type has the best yield resistance under high
temperature and large temperature gradient.

Figure 11 shows the first-order buckling modes as well as
the buckling eigenvalues of each scheme. At the moment of
maximum temperature gradient, the thermal mismatch

effect is the most obvious, and at the moment of maximum
back temperature, the mechanical performance of the lower
wall is the weakest. Therefore, the structure is prone to buck-
ling deformation in these two states. The buckling eigen-
values of the three schemes are greater than 1, indicating
that structural buckling will not occur in reentry environ-
ment. This is because the sandwich layer is separated by
the middle face sheet, and the height of each sandwich layer
is reduced to half when splitting and recombining. When the
web plate thickness is a fixed value, the ratio of it to the
height of each sandwich layer increases, resulting in the
increase of buckling failure stress. In addition, the existence
of the middle face sheet increases the transverse heat con-
duction and inhibits the heat transfer of the overall structure
from outside to inside.

From the above numerical results, it can be known that
the buckling eigenvalue of the parallel type is the largest,
which means the parallel type has the largest critical load

Z
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Figure 7: Analysis model of a parallel ITPS with the thermal insulation material hided.
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Figure 8: The temperature results at the bottom of the 1/4 model using different gird sizes.
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and relatively stronger buckling resistance property. This is
because deformation constraint of the web plate of the par-
allel type is weaker than the other two structures, due to
the possible displacement of the end of the web plate during
bending of the middle face sheet.

4. Free Vibration of the Double-Layer
Corrugated ITPS under
Thermal Environment

4.1. Governing Equations of the Free Vibration Problem. Free
vibration analysis is of great importance for a dynamical
problem, which can reveal the inherent properties of the
designed structure, especially the effect of thermal environ-

ment on its vibration modes. Hence, after obtaining the tem-
perature and thermal stress distributions, this section further
carries out the thermal modal analyses as well as the free
vibration characteristics of the structures.

Equation (5)~Equation (9) can also be used to derive the
governing equation for free vibration when ignoring the
damping force. Applying the finite element method, the gov-
erning equation can be discretized and expressed by the
nodal displacements as [45]

MT€ut +KTut = 0, ð11Þ

where ut is the nodal displacement matrix. MT and KT are
separately the mass and stiffness matrix. Note that, in the
current problem, both the mass matrix and the stiffness
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Figure 9: Thermal stress and displacement fields of various double-layer ITPSs.
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matrix are temperature dependent. Substituting the har-
monic solution ut = ûeiωt into the governing equation, the
eigen equation can be obtained as [45]

KT − ω2MT

À Á�� �� = 0: ð12Þ

Then, natural circular frequency ω as well as the free
vibration mode can be achieved by solving the above

equations, and the effect of temperature field on the vibra-
tion properties can be discussed.

4.2. Numerical Results of the Free Vibration Response under
Thermal Environment. Compared with other structural
forms, the orthogonal arrangement structure has great
advantages in load-bearing performance. Therefore, this sec-
tion only analyzes the vibration performance of the orthog-
onal type in thermal environment. Figure 12 shows the first
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Figure 10: Maximum stresses and displacements of various ITPSs along time.
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six thermal modes of orthogonal panel under 200°C uniform
temperature field. It can be found that the modal vibration
modes of the first five orders have little difference in general.
The darker red parts are the areas where the larger waveform
amplitudes appear. It can be seen that the maximum wave-
form amplitude is located at the center. With the increase
of order, the initial waveforms are gradually divided into
multiple strip modal waveforms of in-phase vibration with
the same shape; that is, the waveforms are splitting in-
phase and the direction is symmetrically left and right due
to the symmetries of both structure and temperature field.

Figure 13 shows the first six natural frequency changes of
the panel under uniform temperature fields. It can be found
that with the increase of temperature, the natural frequen-
cies show a monotonic decreasing trend, which is the direct
influence of material softening effect. The structural stiffness
caused by thermal stress is less than the one that decreases
with the reduction of material properties, which leads to
the decrease of the overall stiffness. In detail, when it is lower
than 400°C, the decrease trend is gradual, while after exceed-
ing 400°C, the trend is relatively more dramatic. This is

because the elastic modulus of the panel material decreases
with the increase of temperature, and this kind of influence
becomes more obvious under higher temperature.

In the following, referring to the real aerodynamic heat-
ing time and considering simply supported boundaries, the
structural modes under nonuniform temperature fields and
the influences of temperature gradients on the natural modal
characteristics are studied. The loaded temperatures here are
the achieved temperature fields of the structure at 260 s,
320 s, 450 s, 1600 s (when the maximum temperature
gradient occurs), 2000 s (when the maximum temperature
of the inside boundary occurs), 2650 s, 3000 s, 3600 s, and
4000 s in the preceding section. The magnitudes of tempera-
ture gradient at these nine time points are ordered as
follows:

ΔTjt=4000s < ΔTjt=3600s < ΔTjt=2650s < ΔTjt=3000s < ΔT
��
t=320s

< ΔTjt=260s < ΔTjt=2000s < ΔTjt=450s < ΔTjt=1600s:
ð13Þ

The temperature of 
BFS is maximum.

The temperature 
gradient is maximum.

Buckling 
eigenvalue = 9.5

Buckling 
eigenvalue = 5.03

(a) Symmetric

The temperature of 
BFS is maximum.

The temperature 
gradient is maximum.

Buckling 
eigenvalue = 21.64

Buckling 
eigenvalue = 7.64

(b) Parallel

The temperature of 
BFS is maximum.

Buckling 
eigenvalue = 10.51

The temperature 
gradient is maximum.

Buckling 
eigenvalue = 7.64

(c) Orthogonal

Figure 11: Buckling modes and eigenvalues of structures.
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The increment of temperature gradient is represented by
number

ΔT1 < ΔT2 < ΔT3 < ΔT4 < ΔT5 < ΔT6 < ΔT7 < ΔT8 < ΔT9:

ð14Þ

Figure 14 shows the first six thermal modes at the time of
maximum temperature gradient. The first four modes are
almost the same as those in Figure 12, while the fifth order
is three strip waveforms symmetrically up and down, and
then, each waveform separately splits left and right in phase
and gradually changes into six smaller block waveforms in

Vertical view

1st mode 2nd mode 3rd mode

4th mode 5th mode 6th mode

Figure 12: Natural mode shapes of the first six thermal modes of the orthogonal type under 200°C uniform temperature field.
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Figure 13: The first six natural frequencies under different uniform temperature fields.
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the sixth mode. At the same time, compared with the high-
order mode, the phenomenon of large waveform amplitude
is more obvious, indicating that the existence of temperature
gradient will significantly affect the high-order mode of the
orthogonal type.

Figure 15 shows the natural frequencies under different
time points. The temperature gradient corresponding to
each flight time of the coordinate axis changes in an increas-
ing trend. It can be seen from the figure that the natural
frequency of the orthogonal type no longer decreases mono-
tonically but increases slightly in the middle. This is because
the stiffness hardening effect of the structure is gradually
enhanced due to the existence of aerodynamic pressure and
thermal deformation. The stiffness hardening caused by
deformation plays a major role, so that the natural frequency
of the structure rises slightly with the increase of temperature
gradient. The stiffness of the structure is enhanced.

The above analysis shows that aerodynamic heating for a
long time will have a great impact on the natural vibration

characteristics of the structure. Among them, the internal
stress caused by aerodynamic force and temperature gradi-
ent may enhance the stiffness of the structure.

According to Equations (11) and (12), the stiffness is tem-
perature dependent due to the changes of material parameters
along the rise of temperature as well as the thermal stress
under displacement constrains. In order to study the effect of
temperature dependency on the free vibration properties,
comparison examples are carried out in Figures 16 and 17.
Two cases are assumed here as ignoring temperature depen-
dencies of material parameters (utilizing the constant param-
eters at 200°C) and ignoring the thermal stress.

It can be seen from Figure 16 that when the above two
terms are both considered, the frequency has the lowest
level, while when temperature dependencies of material
parameters are ignored, the frequency has the highest level.
Figure 17 shows the sixth natural frequency under different
uniform temperature fields as 0°C, 100°C, 200°C, and
300°C with the above conditions. It is easily found that the

(a) 1st mode (b) 2nd mode (c) 3rd mode

(d) 4th mode (e) 5th mode (f) 6th mode

Figure 14: Natural mode shapes of the first six thermal modes of the orthogonal type when the maximum temperature gradient occurs.
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Figure 15: The first six natural frequencies under different temperature gradients.
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temperature dependencies of material parameters have
greater influence on the natural frequency than thermal
stress. These results may tell the significance of consider-
ation of temperature dependencies for material properties
when investigating the structural vibration characteristics
under thermal environment.

5. Conclusion

In this paper, a novel double-layer corrugated core structure
for ITPS is proposed by splitting and reorganizing, and its
thermomechanical behaviors are studied in detail. The ther-
mal stress, displacement, buckling, and free vibration of the
structure are studied. Influence of thermal environment on
the dynamic characteristics and dynamic responses of the
structure are discussed by numerical examples. Several key
conclusions obtained are listed as follows:

(1) The orthogonal type has more excellent yield resis-
tance at high temperature and large temperature gra-
dient than the parallel and symmetric types. The
buckling eigenvalue of the parallel type is the largest
among the three types, which means the parallel type
has a relatively stronger buckling resistance

(2) Under a uniform temperature field, the natural
frequencies show a monotonic decreasing trend with
the increase of temperature, and when the tempera-
ture exceeds 400°C, this trend is more obvious.
Under a nonuniform temperature field, the natural
frequency of the structure rises slightly with the
increase of temperature gradient

(3) Comparing the effect of two stiffness terms, the struc-
tural stiffness variation caused by temperature depen-
dencies of material parameters is greater than that
caused by thermal stress, which shows the significance
of consideration of temperature-dependent material
properties in structure vibration analysis
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