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Abstract: High-speed aerospace applications, such as re-entry vehicles, mostly involve thin-walled
structural components with a high strength-to-weight ratio and high-temperature resistant. The
present novel work comprises the structural and thermal analysis of re-entry vehicle nose struc-
tures made of four functionally graded materials (FGM). Four FGM shell structures made of
aluminum/silicon carbide, aluminum/aluminum oxide, Ti-6Al-4V /silicon carbide and Ti-6Al-
4V /aluminum oxide have been considered for the re-entry vehicle nose. The effect of various
thermal environments, as well as the linear temperature rise from metal-rich to ceramic-rich on criti-
cal buckling temperature and natural frequency have been studied. The critical buckling temperature,
as well as the natural frequency of the large, thin re-entry vehicle nose structures, decrease with an
increase in a uniform thermal environment, as well as linear temperature rise. The effect of shell
thickness on buckling and dynamic characteristics of an FGM shell is also studied, suiting the nose of
the re-entry vehicle under various linear temperature rises. The critical buckling temperature and
natural frequency are quantified for several cases, and it was observed that they are significantly
influenced by the shell thickness. Thus, the research intends to determine the thickness required for
such thin and large shells to withstand in the re-entry thermal conditions.

Keywords: FGM; re-entry vehicle; shell; vibration; buckling; thermal

1. Introduction

Surviving extreme heating through the atmosphere during high-speed flight and
guarding the crew and equipment until they safely reach Earth are the prime objectives
of a re-entry vehicle. Although this technology has changed quite significantly in recent
years, re-entry vehicles have used the same basic design concept. A re-entry capsule
comprises two major components: a blunt front body succeeded by a conical aft body with
a rounded or straight base. Re-entry vehicles are subjected to aerodynamic heating during
the atmospheric descent. This generates excessive heat; subsequently, the external surface
of the capsule gets heated. Hence, to protect the vehicle and its internal structure from
such high temperatures, re-entry vehicles are furnished with ablative thermal protection
systems. Thermal loads play a major role during the re-entry phase. High temperature
change produces in-plane compressive loads, which causes the structure to deform and
buckle. When the structure begins to deform from its equilibrium state due to thermal loads,
thermal buckling occurs due to the critical buckling temperature, which is the in-plane
thermal load. Thermal stresses and deflections will be produced, and the structure will
eventually fail if the buckling temperature is further increased. Thin-walled structures, such
as shells, undergo buckling when their membrane strain energy is converted to bending
energy. Thermal stability characteristics of functionally graded shells are relevant areas of
research and hence, in-depth studies are needed. Vibration analysis is also necessary to
obtain natural frequency, the knowledge of which will help to prevent failure of structures
due to the resonance condition.
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Functionally graded materials (FGMs) are inhomogeneous in nature, comprised of
two or more different components, and are designed in such a way that the material
composition in the direction of thickness is varied gradually [1]. In the present work,
FGMs are designed by varying material composition from metal-rich to ceramic-rich [2].
Their advantages include better thermal stress reduction, high heat and wear resistance,
breakage resistance, etc. Since the variation is gradual, it eliminates stress concentration
followed by delamination occurring from composition discontinuities. Various industries,
such as automobile, aircraft, aerospace, biomedical, steel and nuclear reactor industries,
have paid serious attention to FGMs as heat-protecting advanced materials. In the last
decade, several studies emerged on FGM panels. Finite element formulation was devel-
oped to explore static structural characteristics of the FGM panels [3,4]. The impact of
geometrical constraints and temperature fields on the buckling temperature of FGM plates
has been examined in [5-7]. FGM plates have a higher critical thermal gradient under
non-linear temperature distribution than linear distribution. Buckling, as well as dynamic
characteristics of axisymmetric FGM circular panels [8] and elliptical panels [9] under a
thermal environment, have been examined. Zhao et al. [10] and Kumar et al. [11] evaluated
the dynamic characteristics for FGM panels and the influence of the thermal field in a
dynamic analysis was presented in [12-14]. They highlighted the influence of boundary
constraints, geometrical constraints, material compositions and temperature rise. Other
works by Kim [15] and Huang and Shen [16] explored linear, as well as non-linear dynamic
responses of FGM panels exposed to thermal field and parametric studies for the dynamic
nature of the panels. The influence of temperature-reliant material properties on the struc-
tural behavior of a thin-walled box column assembled by FGM plates has been studied by
Ramkumar and Ganesan [17].

Shell-type structures are commonly used in aerospace structures due to their free-form
shape. Thin shells are highly preferred due to their efficient ways of achieving a greater
strength-to-weight ratio. In comparison with other structure types, the most critical part
of the shell is the strength of the material because shells tend to deform in buckling and,
consequently, exhibit yielding. Rosario et al. [18] used ultra-high temperature ceramics for
the nose of a re-entry vehicle and carried out FEM-based thermo-structural analysis. It
has been noted that the studies on FGM shells for the nose structures of re-entry vehicles
are highly significant. Buckling, as well as dynamic analysis of FGM shells [19,20], have
been studied by employing classical thin shell theory, as well as meshless method, respec-
tively. Neves et al. [21] evaluated the frequencies of clamped, as well as simply supported
spherical and cylindrical FGM shells. Hajlaoui et al. [22] examined the thermal buckling of
FGM shells by employing a modified FSDT-based shell element. The proposed formulation
has a strong advantage compared to other shear deformation theories. Moita et al. [23]
and Das et al. [24] inspected the buckling nature of FGM axisymmetric shells exposed
to mechanical and thermal environments. Reddy and Chin [25] and Trabelsi et al. [26]
analyzed the thermal buckling nature of FGM cylinder-shaped shells, as well as plates,
by adopting a modified FSDT-based shell element. Sun et al. [27] derived a novel analyt-
ical formulation for the thermal buckling characteristics of FGM cylinder-shaped shells
by using temperature-reliant properties. The findings indicate that there exists a critical
power law exponent, above which the thermal buckling starts to occur. Torabi et al. [28]
and Sofiyev [29] conducted buckling analysis of an FGM conical shell under non-linear
temperature distribution. Kumar and Kumar [30] presented a new analytical model to ex-
amine the vibration features of FGM-stiffened shallow shells exposed to thermo-mechanical
loads. Das and Karmakar [31] and Jooybar et al. [32] evaluated the thermal influences
on the vibration behavior of an FGM conical shell using FEM and found that the natural
frequency reduces because of the incremental increase in temperature, but it has higher
circumferential modes. Thermal stresses and semi-vertex angle have a substantial effect on
the frequency parameter.

It is noted from the literature mentioned above that it is desirable to explore the
application of FGM as nose structures in re-entry vehicles. The base re-entry vehicle model
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considered for the present study is the Orion model [33]. The rationale of the study is to
understand the thermo-structural behaviour of different FGM shell structures, which are of
the size suiting re-entry vehicles. The research intends to determine the thickness required
for such thin and large shells to withstand in the re-entry thermal conditions. In the present
work, large and thin FGM shell structures with 20 layers made of aluminum/silicon carbide,
aluminum /aluminum oxide and Ti-6Al-4V /silicon carbide, as well as Ti-6Al-4V /aluminum
oxide, are considered instead of ceramic tiles in Orion to perform the structural and thermal
analysis. Thus, the objective of present research is to explore the static, as well as dynamic
characteristics of the nose of the re-entry vehicle model made of four different FGM exposed
to various temperature fields.

2. Numerical Simulation and Methodology

The structural analysis was carried out for the nose of re-entry vehicle, which is made
of FGM. The model dimensions are given in Figure 1. A schematic representation of the
FGM shell structure that forms the nose of re-entry vehicle is shown in Figure 2. The FGM
nose shell consisting of 20 layers with an overall thickness of 0.01 m was modeled in ANSYS
based on the estimated properties. It was clamped over the entire circumferential boundary.
A 3D layered 4-node shell181 element was considered and the upper surface of the shell
was loaded with a uniformly distributed pressure load of 10 kN/m?. The results of central
displacement and buckling load, as well as natural frequency were plotted against the
power law index to understand the variations in structural characteristics for different FGM
shell structures at different temperature cases.

1.3153 R

A

0.2834 R
—>

»
»

Nose of the
re-entry vehicle

X -axis

R2:0.1 R

Figure 1. Schematic sketch of the Orion model (dimensions as in [33]), for which the nose shell
structure is considered.
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Figure 2. Schematic representation of the FGM shell structure, which forms the nose of re-entry
vehicle in the present study.

2.1. Material Selection for Structural Analysis

To study the behaviour of the FGM shell, in the present work, a metallic component
(aluminum or Ti-6Al-4V) was considered to bind with a ceramic component (silicon carbide
or aluminum oxide) with a gradual variation of constituents along the thickness. Metal
provides good structural integrity with good tensile strength; a ceramic component gives
good temperature resistance under the high-temperature application. The properties of the
FGM constituents are shown in Table 1. Four different material combinations, including
aluminum/silicon carbide, aluminum/aluminum oxide, Ti-6Al-4V /silicon carbide and
Ti-6Al-4V /aluminum oxide were considered. FGM with 20 layers was considered and the
ratio of ceramic and metal in each layer was estimated using the power law [3,34]. The
power law includes the volumetric ratio of the ceramic (V;), the height of the layer from
the central axis (z), the thickness of the shell (%), the power law index (k) and the volumetric
ratio of the metal (V). The analysis was performed by employing ANSYS software. The
FGM shell properties were calculated for different compositions obtained from the power
law for different values of k, such as 0, 0.1, 0.5, 1, 5, 10, 50 and 100. The volumetric ratio of
the material constituents was calculated by Equations (1) and (2). The material properties,
such as Young’s modulus (E; ), Poisson’s ratio (v;) and the density (p-) of each layer in the
FGM shell were found using Equations (3)—(5). (Ec, v¢, pc ) and (Ep, Vi, pm) correspond
to Young’s modulus, Poisson’s ratio and the density of the ceramic, as well as metal. The
material properties were assigned to each layer analogous to the power law index, which
determines the constituents of the metal and the ceramic.

k
VC=<%+%);—§§z§§ <y
Vet V=1 2)
Ez = (Ec_Em)Vc+Em (3)
Vy = (Vc—Vm)Vc+Vm (4)
pz = (pc — pm) Ve + pm 5)

Table 1. Properties of the FGM constituents [1,10].

Constituents E (GN/m?) p (kg/m3) v
Aluminum 70 2707 0.30
Ti-6Al-4V 105.7 4429 0.298

Silicon carbide 410 3210 0.17

Aluminum oxide 320.2 3750 0.26
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2.2. Material Selection for Thermal Analysis

Four different FGM compositions, such as aluminum/silicon carbide, aluminum /aluminum
oxide, Ti-6Al-4V /Silicon carbide and Ti-6Al-4V /aluminum oxide were considered for ther-
mal buckling, as well as vibration analysis. Initially, the material properties of metal
and ceramic, P, where P is any property, for various thermal fields were estimated using
Equation (6), where P_4, Py, P1, P», P3 are temperature-dependent coefficients. Temperature-
dependent coefficients employed for aluminum, Ti-6Al-4V, silicon carbide and aluminum
oxide were considered from [25,35]. Then, layer-wise material properties, including a
thermal expansion coefficient («;) and thermal conductivity (k.), were calculated using
Equation (1) and Equations (7)—(11), where the material properties rely on the temperature (),
as well as ceramic constituents in power law formulation [14].

P(T)=Py (P.1T ' +1+ P T+ PT?+ PT°) (6)
E: (Ve, T) = (Ee(T) — Em (T)) Ve + En(T) @)
pz (Ve, T) = (pc(T) — pm(T)) Ve + pm(T) (8)

vz = (Ve(T) = vm(T)) Ve + v (T) O

az (Ve, T) = (ac(T) — am (T)) Ve + am(T) (10
Kz (Ve T) = (Re(T) =Ko (T)) Ve + K (T) (11)

The analysis was performed on the FGM shell for two different cases. The first case
was under various thermal environments in which both the metal-rich and the ceramic-rich
layers were exposed to a uniform temperature. The second case was under linear temper-
ature rise in which the metal-rich layer (inner layer) was kept at a constant temperature,
300 K, and the ceramic-rich layer (outer layer) was exposed to various temperatures. A
coupled thermo-structural analysis was carried out and the temperature-dependent mate-
rial properties were assigned to each layer. The steady-state solution was solved to obtain
the temperature distribution. Eigen buckling analysis with the first mode was carried
out. The buckling analysis provides a load multiplier and the corresponding mode shape.
Similarly, modal analysis with the first mode of natural frequency was carried out. The
same methodology was applied for different power law indices and different temperatures
for all material combinations of the FGM structure.

3. Results and Discussions
3.1. Structural Analysis
3.1.1. Convergence and Validation of Methodology

Initially, the convergence study was completed to calculate the optimum mesh size,
and k = 1 was chosen for the convergence study, as it has linearly varying properties from
metal-rich to ceramic-rich. The optimum mesh size in each segment of the shell was found
and used for further analysis. To validate the present methodology, the model used by
Zhao and Liew [20] was considered. As structural analysis of the re-entry nose with FGM
are not often discussed in existing literature, the validation of the present methodology
was confirmed by simulating a truncated cone panel, implementing the same procedures
as Zhao and Liew [20]. The cone is made of Al/ZrO, FGM and the power law index
is 1. The larger base part was clamped, and using modal analysis, the first mode of
natural frequencies was determined. The fundamental natural frequency using the present
methodology was 133.57 Hz and it was compared with Zhao and Liew [20]. A variation of
only 1% was noted. Thus, the methodology is validated.

3.1.2. Bending Characteristics

The variation of the maximum central displacement with the material compositions
(defined by the power law index) was compared for different material combinations as
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shown in Figure 3. It was observed that the FGM structure with k = 1 has low stress
concentration due to the linearly varying spatial profile, which results in greater structural
integrity. The displacement is greatest for the metallic shell (k = 100) and at its lowest for
the ceramic shell (k = 0) in all material combination cases. Also, the central displacement
reduces when the power law index drops due to a reduction in stiffness. Aluminum-rich
material combinations have higher displacement because the modulus of elasticity for
aluminum is lower as compared to Ti-Al-4V. A maximum displacement of 5.959 mm was
observed for the aluminum/silicon carbide FGM shell and a displacement of 1.012 mm
(minimum among the considered shells) was observed for the Ti-6Al-4V /silicon carbide
FGM shell.

6 —
55 4
g 5.
E
-] 45 -
E 4
§ —
= 3.5 A
2
-; 3 —o— Aluminum/Silicon carbide
g 2.5 —— Aluminum/Aluminum oxide
§ 2 Ti-6Al1-4V/Silicon carbide
15 —o—Ti-6Al-4V/Aluminium oxide
1 4 T T T T

0 20 40 60 80 100
Power law index (k)

Figure 3. Variation of maximum displacement of the re-entry vehicle nose shell structures for varying
power law indices.

3.1.3. Buckling Characteristics

Buckling characteristics are described by the thickness, material properties, curvatures,
imperfection, loading condition and membrane force. We intended to study the buckling
characteristics for various power law index ‘k’ in the present work. The pressure load of
10 kN was employed over the upper surface. The buckling characteristics for different
material compositions were found and the first mode of the buckling load with the power
law index is plotted in Figure 4. Initially, the buckling load of the structure decreased
steeply and finally, the variation became gradual from k = 5 to k = 100. The shell is isotropic
with the highest possible hardness and compressive strength at k = 0. When k > 1, the
percentage of metal is more prominent, which leads to a drop in compressive strength,
thereby reducing the buckling strength.

The effect of the power law index on the buckling load was then quantified and
compared as shown in Figure 4 for all material combinations. It was observed that other
material combinations also show similar buckling characteristics as aluminum/silicon
carbide. It was also observed that the buckling characteristics improved when Ti-6Al-4V
was added instead of aluminum as metal. The buckling characteristics are improved for
FGM with metal that has higher stiffness and modulus of elasticity.

3.1.4. Vibration Characteristics

Vibration characteristics were studied to understand the variation of the fundamental
natural frequency of the re-entry vehicle nose structure for various power law index ‘k’.
The analysis type was chosen as Modal and the analysis option was block Lanczos in
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APDL. It can be determined from Figures 5 and 6 that the natural frequency of the structure
reduces when the power law index increases. When k > 1, the structure becomes more
metallic, hence the material will be able to withstand high vibration. Initially, the natural
frequency decreased steeply, and the variation was quite gradual and it finally became
linear from power law index k = 5 to k = 100. Other material combinations also show
similar vibration characteristics as aluminum/silicon carbide. It was also observed that the
vibration characteristics are superior for FGM with Ti-6Al-4V as metal because of higher
stiffness as compared to aluminum.

o

0.3

—o— Aluminum/Silicon carbide
—#— Aluminum/Aluminum oxide

0.25 —a—Ti-6Al-4V/Silicon carbide

Z —o—Ti-6Al-4V/Aluminium oxide
2 02

-]

<

2

%‘3 0.15

~

o

=

/M 0.1

0.05 T qu

80 100

Power law index (k)

Figure 4. Buckling load (first mode) variation with a power law index for different material combina-
tions for re-entry vehicle nose shell structures.

135 -
’ —o—Mode 1
=~ 115 Mode 2
E 1 Mode 3
B I Mode 4
§ 95 -
g, |
2 <
= 75
e
B
(5]
Z 55
35 : —— :
0 20 40 60 80 100

Power law index (k)

Figure 5. Variation of the natural frequency of the re-entry vehicle nose shell structures with the
power law index for an aluminum/silicon carbide FGM structure for the first four modes.
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Q1

35 . B — . =
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Power law index (k)

Figure 6. Variation of the natural frequency (first mode) with a power law index for different material
combinations for re-entry vehicle nose shell structures.

3.2. Thermal Analysis
3.2.1. Validation Study

Initially, a validation study was performed for thermal analysis of the shell struc-
ture. For validation of the thermal buckling analysis, two different types of cylindrical
shell—Type A (ceramic outer, metal inner) and Type B (metal outer, ceramic inner) made of
stainless steel/silicon carbide—were considered, as in Moita et al. [23]. The critical buckling
temperature for several power law indices was calculated at a thermal environment of
300 K, as shown in Table 2. The results are perfectly matched with Moita et al. [23].

Table 2. Variation of critical buckling temperatures (in K) of FGM cylindrical shells for different
material composition.

Shell Configuration k 0 0.5 1 2 5
Tvoe A Moita et al. [23] 394.13 415.93 429.41 445.16 464.87
yp Present 397.44 41435 426.69 44413 469.11
Tooe B Moita et al. [23] 492.94 44195 427.09 416.04 406.7
yp Present 49957 44875 433.10 42115 410.95

For the validation study of thermal vibration analysis, a clamped (CCCC) plate case
from Li et al. [14] was considered. The square plate was made of SizN4/SUS304 FGM
with a size of 0.2 x 0.2 x 0.02 m. The natural frequency parameters under a thermal
environment of 300 K are shown in Table 3. The power law coefficient is considered as
2 and the analysis was carried out at 300 K, as in Li et al. [14]. The first 7 modes of the
natural frequency parameters are perfectly matched with Li et al. [14]. Similarly, the natural
frequency parameters of the same panel (with 4 edges simply supported) exposed to linear
temperature variation along the thickness is shown in Table 4. The analysis was performed
fork=1,2,5and 10. The temperature of the metal-rich layer is presumed to be at 300 K
and the linear temperature growth of 300 K to the ceramic-rich layer. These results also
show good agreement with Li et al. [14].
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Table 3. Natural frequency parameters for clamped FGM square plates under a thermal environment
of 300 K.

Mode 1 2 3 4 5 6 7
Lietal. [14] 4.16 7.94 7.94 11.12 13.10 13.22 15.36
Present 4.13 7.89 7.89 11.06 13.06 13.19 15.45
Table 4. Natural frequency parameters for simply supported FGM square plates exposed to a linear
temperature rise of 300 K across the thickness.
k Mode 1 2 3 4 5 6 7
1 Lietal. [14] 2.65 6.37 6.37 8.96 8.96 9.79 11.94
Present 2.64 6.32 6.32 9.05 9.05 9.71 11.88
’ Lietal. [14] 237 5.69 5.69 792 792 8.74 10.66
Present 2.37 5.67 5.67 797 7.97 8.71 10.64
5 Lietal. [14] 2.14 5.14 5.14 7.08 7.08 7.89 9.63
Present 2.16 5.15 5.15 7.09 7.09 7.89 9.63
10 Lietal. [14] 2.04 491 491 6.72 6.72 7.53 9.19
Present 2.06 491 491 6.73 6.73 7.52 9.19

3.2.2. Buckling Characteristics under Thermal Environment

The clamped FGM shell was initially considered under a thermal field of 300 K through-
out its structure and then the critical buckling temperature for such a case was evaluated.
Then, the material properties for each layer corresponding to different thermal fields were
calculated and assigned for calculating the critical buckling temperature to understand the
impact of different thermal environments. The impact of various thermal environments
on the critical buckling temperature for aluminum/silicon carbide, aluminum/aluminum
oxide, Ti-6Al-4V /silicon carbide and Ti-6Al-4V /aluminum oxide are shown in Tables 5-8,
respectively. The critical buckling temperature reduces gradually with a rise in the thermal
field, as well as in the power law index. When k < 1, it causes the composition of the
ceramic to be more dominant, which leads to an increase in the compressive strength and
the critical buckling temperature. When k > 1, it makes the composition of metal more
dominant, which leads to a decrease in the compressive strength and the critical buckling
temperature. The same behavior was observed for all material combinations and quantified
the values for all the different parametric studies. In some cases of the thermal field, the
critical buckling temperature was less than the corresponding thermal field, which gives
the buckling temperature limit for each k and the limit reduces when k increases, due to
dominance in metallic properties. For example, the critical buckling temperature obtained
corresponding to k = 50 for the aluminum/silicon carbide FG shell kept at a thermal envi-
ronment of 450 K is 431.12 K, which is less than the applied temperature, hence the values
exhibiting such behavior are not mentioned in Tables 5-8.

Table 5. Effect of a uniform thermal field on critical buckling temperatures (in K) of an aluminum/silicon
carbide FGM shell for different material composition in re-entry vehicle nose structures.

Thermal Environment

Power Law Index (k)

(in K) 0 0.1 0.5 1 5 10 50 100
300 897.92 755.96 587.62 531.43 478.66 470.34 447.66 441.42
350 894.53 748.60 579.45 524.10 471.93 463.90 441.58 435.61
400 891.18 741.54 571.83 517.09 465.75 457.83 436.13 430.29
450 887.86 734.38 564.56 510.54 459.92 452.44 - -
500 884.58 727.58 557.72 504.27 - - - -
550 881.34 721.25 551.25 - - - - -

600

878.14 714.71 - - - - - -
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Table 6. Effect of a uniform thermal field on critical buckling temperatures (in K) of an alu-
minum/aluminum oxide FGM shell for different material composition in re-entry vehicle nose structures.

Thermal Environment

Power Law Index (k)

(in K) 0 0.1 0.5 1 5 10 50 100
300 744.40 669.62 561.76 520.42 478.11 469.34 446.64 441.12
350 740.12 663.74 554.88 513.63 471.57 462.92 440.69 435.32
400 736.52 657.76 548.39 507.21 465.41 456.93 435.26 429.96
450 732.97 652.02 542.04 501.04 459.89 451.53 - -
500 729.49 646.47 535.92 - - - - -
550 725.49 641.31 - - - - - -
600 72212 636.26 - - - - - -

Table 7. Effect of a uniform thermal field on critical buckling temperatures (in K) of a Ti-6Al-
4V /silicon carbide FGM shell for different material composition in re-entry vehicle nose structures.

Thermal Environment

Power Law Index (k)

(in K) 0 0.1 0.5 1 5 10 50 100
300 897.92 853.39 766.22 725.32 694.08 688.13 659.63 651.31
350 894.53 847.98 757.83 715.68 682.66 676.57 647.92 639.50
400 891.18 842.56 749.54 706.36 671.46 665.23 636.95 628.43
450 887.86 837.10 741.30 697.07 660.55 653.97 625.32 616.98
500 884.58 831.78 733.16 688.22 650.79 644.63 616.43 608.15
550 881.34 826.32 725.22 679.12 640.03 633.68 605.61 597.12
600 878.14 821.00 717.02 670.37 630.36 623.78 - -

Table 8. Effect of a uniform thermal field on critical buckling temperatures (in K) of a Ti-6Al-
4V /aluminum oxide FGM shell for different material composition in re-entry vehicle nose structures.

Thermal Environment

Power Law Index (k)

(in K) 0 0.1 0.5 1 5 10 50 100
300 744.40 729.60 696.31 680.23 680.33 678.63 657.07 650.63
350 740.12 724.63 689.19 671.98 669.59 667.36 645.34 638.84
400 736.52 719.71 682.13 663.88 658.84 656.52 634.40 627.78
450 732.97 714.95 675.13 655.76 648.66 645.39 623.01 616.31
500 729.49 710.16 668.48 647.90 639.25 636.30 613.98 607.45
550 725.49 705.42 661.51 640.26 629.50 626.05 603.39 596.60
600 72212 700.69 655.04 632.48 620.00 616.34 - -

The FGM shell with silicon carbide as a ceramic shows good buckling characteristics
when compared to aluminum oxide as a ceramic. Similarly, the FGM shell with Ti-6Al-4V
as a metal shows good buckling characteristics when compared to aluminum as a metal.
Overall, the FGM shell with Ti-6Al-4V /silicon carbide has good buckling strength, and
therefore a high critical buckling temperature in a thermal environment.

3.2.3. Buckling Characteristics under Linear Temperature Rise

Thermal buckling analysis was performed to understand the effect of a linear tem-
perature rise from the metal-rich to the ceramic-rich layer. The metal-rich layer (inner)
was kept at 300 K and the ceramic-rich layer (outer) was exposed to 300 K to 700 K, in-
creasing by 100 K. Layer-wise material properties were calculated as discussed in the
former section. The changes in critical buckling temperature with linear temperature rise
for aluminum/silicon carbide, aluminum /aluminum oxide, Ti-6Al-4V /silicon carbide and
Ti-6Al-4V /aluminum oxide are shown in Tables 9-12, respectively. The critical buckling
temperature drops when the temperature of the outer layer, as well as the power law index
increase. The increase in the power law coefficient dominates the metal constituents. In



Aerospace 2022, 9, 812

11 of 19

some cases, the critical buckling temperature is less than the corresponding outer tempera-
ture. It gives the buckling temperature limit for each k in the analysis and the limit reduces
when k increases, due to dominance in metallic properties.

Table 9. Critical buckling temperature (in K) of an aluminum/silicon carbide FGM shell under linear
temperature rise for different material composition in re-entry vehicle nose structures.

Temperature of Outer Layer (in K)

Power Law Index (k)

0 0.1 0.5 1 5 10 50 100

300
400
500
600
700

897.92 755.96 587.62 531.43 478.66 470.34 447.66 441.42
894.31 750.74 581.28 524.85 471.88 463.84 - -
891.07 745.56 575.23 518.83 - - - -
887.81 740.72 - - - - - -
884.74 735.57 - - - - - -

Table 10. Critical buckling temperature (in K) of an aluminum/aluminum oxide FGM shell under
linear temperature rise for different material composition in re-entry vehicle nose structures.

Temperature of Outer Layer (in K)

Power Law Index (k)

0 0.1 0.5 1 5 10 50 100

300
400
500
600
700

744.40 669.62 561.76 520.42 478.11 469.34 446.64 441.12
740.40 664.67 556.02 514.32 471.52 462.90 440.84 435.53
736.71 660.29 550.62 508.57 - - - -
733.18 655.70 - - - - - -
729.63 - - - - - - -

Table 11. Critical buckling temperature (in K) of a Ti-6Al-4V /silicon carbide FGM shell under linear
temperature rise for different material composition in re-entry vehicle nose structures.

Temperature of Outer Layer (in K)

Power Law Index (k)

0.1 0.5 1 5 10 50 100

300
400
500
600
700

897.92 853.39 766.22 72532 694.08 688.13 659.63 651.31
894.31 849.06 759.74 717.49 683.65 677.30 648.41 639.99
891.07 844.74 753.38 709.71 673.28 666.69 637.40 628.74
887.82 840.37 746.79 702.03 663.44 656.60 626.84 618.09
884.74 836.25 740.45 - - - - -

Table 12. Critical buckling temperature (in K) of a Ti-6Al-4V /aluminum oxide FGM shell under
linear temperature rise for different material composition in re-entry vehicle nose structures.

Temperature of Outer Layer (in K)

Power Law Index (k)

0.1 0.5 1 5 10 50 100

300
400
500
600
700

744.40 729.60 696.31 680.23 680.33 678.63 657.07 650.63
740.40 725.21 690.25 673.20 670.33 668.11 645.90 639.20
736.71 720.84 684.60 666.35 660.57 657.80 634.81 628.02
733.18 716.81 678.81 659.54 651.04 647.98 624.35 617.56
729.63 712.71 - - - - - -

An effort has been made to explore the impact of the shell thickness on the critical
buckling temperature. The shell thickness should be increased to withstand a high tem-
perature. A Ti-6Al-4V /Silicon carbide FGM shell with various thicknesses, subjected to
various linear temperature rises, was considered as shown in Table 13. Since the outer
layer of the re-entry nose structure is exposed to very high temperature, the analysis was
carried out by keeping the inner layer at 300 K and the outer layer at 300 K, 600 K, 900 K,
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1200 K, 1500 K, 1800 K and 2100 K. It was observed that the critical buckling temperature
rises when the shell thickness increases for a given thermal load of the outer layer and
quantified the same. Even though the analysis was carried out from 300 K to 2100 K with a
temperature rise of 300 K for all cases of shell thickness, the critical buckling temperature
less than that of the applied temperature are not mentioned in the Table 13. The maximum
value of 2764.79 K that was obtained corresponds to the applied temperature of 2100 K and
the shell thickness of 0.05 m for the FGM shell with k = 0. Even though the FGM shell with
k = 0 gives high temperature resistance, the shell is made of only ceramics. Since metal
provides structural integrity and high energy absorbing capacity in the FGM shell, the
FGM shell with k = 0.1 can be used for re-entry vehicle nose structures for high temperature
resistance. For example, the impact resistance will be significantly high for FGM shells
compared to pure ceramics [36].

Table 13. Critical buckling temperature (in K) of a Ti-6Al-4V /silicon carbide FGM shell under linear
temperature rise for various shell thicknesses in re-entry vehicle nose structures.

Power Law Index (k)

Shell Thickness Temperature of
(in m) Outer Layer (in K) 0 0.1 0.5 1 5 10 50 100

0.01 600 887.82 84037 74679  702.03 66344 65660 62684  618.09
900 . . . . . . - .
600 143143 1340.06 115996 1073.60 99828  984.62 92716  910.11

0.02 900 141348 131605 112345 103045 94385  930.10 . -
1200 139592  1292.02 - - - - - -
600 1958.72 182454 1559.94 1433.02 132094 130032 121622 1191.79
900 193241 178935 150643 1369.81 124121 122046 113291 1107.82

0.03 1200 1906.67 175411 1453.79  1308.43 - - - -
1500 1880.90 1718.03 - - - - - -
1800 1855.01 - - - - - - -
600 247444 229857 1950.65 1783.80 163401 1607.48 149561 1463.88
900 243994 225237 1880.63 170113 1530.03 1502.71 1386.85 1354.25
1200 240620 220614 181171 1620.82 143710 140858 129221 1257.32

0.04 1500 237249 215887 174322 154418 ; ) ] ;
1800 233870  2112.41 - - - - - -
2100 2302.75 . . . . . . .
600 2976.82 2759.62 2331.05 212540 193813 1903.36 1767.85 1729.98
900 293437 2702.83 224478 202353 1809.78 1774.82 163401 159521
1200 2892.81 264597 2159.89 1924.61 1695.06 1660.06 1517.63 147627

0.05 1500 285120 2587.72 207555 1830.19 1590.79  1560.39 - -
1800 2809.37 2530.38 1993.03 - - - - -
2100 276479  2469.97 . . . . . .

3.2.4. Vibration Characteristics under Thermal Environment

Thermal analysis was performed to understand the impact of thermal environments
on the vibration characteristics of FGM shells made of different material combinations. The
clamped FGM shell was initially considered under a thermal field of 300 K throughout
its structure and then the fundamental natural frequency for such a case was evaluated.
Later, the clamped FGM shell was analyzed in different thermal field. The variation of the
natural frequencies with different thermal environments for aluminum/silicon carbide,
aluminum /aluminum oxide, Ti-6Al-4V /silicon carbide and Ti-6Al-4V /aluminum oxide
are shown in Figures 7-10 respectively. First mode of natural frequency reduces with an
increase in the thermal field. It is also noted that the natural frequency is higher when k < 1,
and the natural frequency is low when k > 1. The decrease in the power law index makes the
FGM more dominant in ceramic and therefore, the natural frequency increases. The power
law index rise makes the FGM more dominant in metal, which causes a decrease in the
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natural frequency. Overall, Ti-6Al-4V /silicon carbide shows good vibration characteristics
in a thermal environment.
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Figure 7. Variation of the natural frequency of an aluminum/silicon carbide FGM shell in a uniform
thermal field for different material composition for re-entry vehicle nose structures.
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Figure 8. Variation of the natural frequency of an aluminum/aluminum oxide FGM shell in a uniform
thermal field for different material composition for re-entry vehicle nose structures.

3.2.5. Vibration Characteristics under Linear Temperature Rise

Thermal analysis was performed to understand the effect of temperature rise from the
metal-rich layer to the ceramic-rich layer. The temperature of the metal-rich layer (inner
layer) was considered to be fixed at 300 K, and increased linearly to 400 K, 500 K, 600 K and
700 K on the ceramic-rich layer (outer layer). Initially, the natural frequency was evaluated
at the outer layer temperature of 300 K. Then, the material properties corresponding to each
outer layer temperature were calculated by using temperature-dependent coefficients and
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power law to evaluate the natural frequency. The variation of the natural frequency with the
temperature of the outer layer for aluminum/silicon carbide, aluminum /aluminum oxide,
Ti-6Al-4V /silicon carbide and Ti-6Al-4V /aluminum oxide are shown in Figures 11-14,
respectively. The natural frequency decreases when the temperature of the outer layer
increases. The natural frequency increases if the power law index decreases. For k < 1, the
shell was influenced with ceramic, hence the natural frequency increases. For k > 1, the FGM
shell characteristics were influenced with metal, hence the natural frequency decreases.

150
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- - - - g —#k=05
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Figure 9. Variation of the natural frequency of a Ti-6Al-4V /silicon carbide FGM shell in uniform
thermal field for different material composition for re-entry vehicle nose structures.
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Figure 10. Variation of the natural frequency of a Ti-6Al-4V /aluminum oxide FGM shell in uniform
thermal field for different material composition for re-entry vehicle nose structures.
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Figure 11. Variation of the natural frequency of an aluminum/silicon carbide FGM shell under a

linear temperature rise for different material composition for re-entry vehicle nose structures.
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Figure 12. Variation of the natural frequency of an aluminum/aluminum oxide FGM shell under a
linear temperature rise for different material composition for re-entry vehicle nose structures.

The influence of the shell thickness on the natural frequency has also been studied. A
Ti-6Al-4V /Silicon carbide FGM shell with various thicknesses, subjected to various linear
temperature rises was considered. The natural frequency corresponding to each critical
buckling temperature (as in Table 13) was evaluated and is presented in Table 14. The
natural frequency increases when the shell thickness increases for a given thermal load of
the outer layer.
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Figure 13. Variation of the natural frequency of a Ti-6Al-4V /silicon carbide FGM shell under a linear
temperature rise for different material composition for re-entry vehicle nose structures.
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Figure 14. Variation of the natural frequency of a Ti-6Al-4V /aluminum oxide FGM shell under a
linear temperature rise for different material composition for re-entry vehicle nose structures.
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Table 14. Natural frequency (in Hz) of a Ti-6Al-4V /silicon carbide FGM shell under a linear tempera-
ture rise for various shell thicknesses in re-entry vehicle nose structures.

Shell Thickness Temperature of Outer Power Law Index (k)
(in m) Layer (in K) 0 0.1 0.5 1 5 10 50 100

0.01 600 14331 13603 11690 10389 7673 6999 6297  61.88
600 14404 13666 11732 10421 7702 7032 6333  62.23

0.02 900 14303 13564 11613 10283 7504  68.03 ) )
1200 14209  134.63 ; ] ; ; ; ;
600 14504 13754 11793 10470 7748 7081 6382 6271
900 14402 13651 11674 10331 7549 6853 6117  59.99

0.03 1200 14308 13550 11559  101.96 ; ; ; ;
1500 14209 13446 ; ) ; ; ; ;
1800 140.89 ] ; ; ; ; ; ;
600 14637 13872 11879 10541 7815 7151 6449  63.35
900 14534 13768 11759 10402 7616 6922 6182  60.61
1200 14439 13667 11644 10266 7412 6689 5904  57.73

0.04 1500 14339 13562 11518 10126 ; ; ; ;
1800 14218 13435 ; ; ; ; ; ;
2100 140.65 ] ; ; ; ; ; ;
600 14802 14021 11991 10635  79.02 7240 6532 6415
900 14698 13917 11871 10495 7703 7011 6262  61.38
1200 14602 13814 11754 10359 7499 6778 5982 5846

0.05 1500 14500 137.08 11628 10218 7283  65.30 ; ;
1800 14377 13579  114.83 ; ) ) ; ;
2100 14222 13419 ; ; ; ; ; ;

4. Conclusions

The structural and thermal analysis of the re-entry vehicle nose model made of FGM
has been studied and the numerical results for the bending and buckling, as well as
the vibration responses have been computed. Four FGM shell structures made of alu-
minum/silicon carbide, aluminum /aluminum oxide, Ti-6Al-4V /silicon carbide and Ti-6Al-
4V /aluminum oxide were considered. Convergence and validation studies were performed
to confirm the adopted methodology. The FGM shell with k = 1 gives uniform and linear
distribution of material composition in the direction of thickness. Structural analysis of the
re-entry vehicle nose model made of FGM shows that an increase in the maximum central
displacement and a decrease in the critical buckling load and the natural frequency occurs
due to the increase in the power law index. The bending, buckling and vibration character-
istics of FGM shell are enhanced when Ti-6Al-4V is considered as a metal constituent due
to the high modulus of elasticity and stiffness. Thermal buckling analysis shows that the
critical buckling temperature drops with an increase in the thermal environment and the
linear temperature rise of the outer layer. It was also observed that when k < 1, it causes the
composition of ceramic to be more dominant, which leads to an increase in the compressive
strength and the critical buckling temperature. An FGM shell with Ti-6Al-4V /silicon car-
bide shows good buckling characteristics in thermal applications. From vibration analysis
under a thermal environment, it was concluded that the natural frequency reduces with
a uniform increase in temperature, as well as in linear a temperature rise. Under various
linear temperature rises of outer layer, it was concluded that the increase in shell thickness
increases the critical buckling temperature and natural frequency. An FGM shell with a
thickness of 0.05 m and k = 0.1 can be used for re-entry vehicle nose structures due to an
enhanced critical buckling temperature. Thus, a detailed thermo-structural analysis on
thin, large FGM shells for different material combinations was carried out and quantified
several significant parametric results. Multiscale analysis can be performed in the future,
including the wavelength and amplitude of the long strip inclusion.
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