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Thermal buckling of functionally graded plates
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Abstract. Plates and shells are widely used in several areas, such as civil construction, automotive, aerospace,
naval, and defense industries. The application of Functionally Graded Materials (FGM) in plate and shell structures
can provide several benefits. FGMs are composed by two or more materials, in which the microstructure changes
continuously and smoothly from one surface to another, being designed to achieve the desired properties according
to the application of interest. The most common are those composed of ceramic and metallic materials, used for
example in structures subjected to high temperatures used in the aerospace industry. The structures of plates and
shells can be highly slender, becoming sensitive to collapse due to buckling. Thus, this study focuses on the analysis
of FGM plates stability at high temperatures, evaluating the influence of the slenderness and the volume fraction
distribution in the critical temperature and post-critical behavior. The numerical simulations of the FGM structures
are performed using the commercial soffware Abaqus. To correctly represent the thermomechanical behavior
of functionally graded materials, the Virtual Lamina Method (VLM) for buckling and user material subroutines
(UMATsS) for post-buckling are applied.
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1 Introduction

Plates and shells are widely used in various fields, as civil construction, automotive, aerospace, marine,
and defense industries. In addition to mechanical loading, these structures in service can be subjected to high
thermal loads, as in the case of aerospace structures. Aiming the development of heat shields for space reentry,
scientists in Japan introduced the concept of materials with functional gradation, aerospace scientists in Japan in
1984 introduced the concept of materials with functional gradation [1]].

Functionally Graded Materials (FGMs) are composites whose mechanical properties vary continuously and
smoothly from one surface to another, avoiding stress concentrations and reducing residual stresses [2]]. The most
common FGMs are composed of ceramic and metallic materials. Ceramic has good capacity to withstand high
temperatures and metal has good strength and fracture toughness [3|].

Several works were developed for the analysis of functionally graded plates and shells. Reddy and Chin [4]
developed a study aimed at the dynamic thermoelastic analysis of cylinders and plates with functional gradation,
proposing a finite element formulation, that taking into account the thermomechanical coupling. Kordkheili and
Naghdabadi [5] performed a nonlinear analysis of the static thermoelastic behavior for FGM composite plates and
shells, applying the updated Lagrangian approach.

Alijani et al. 6] studied the thermal effects on nonlinear vibrations of double curvature shells with functional
gradation, applying higher order shear strain theory. The buckling and post-buckling analysis of FGM plates and
shells under thermal loading using the Finite Element Method (FEM) were developed in the works of Na and
Kim [7H9], Trabelsi et al. [10] and Moita et al [11]]. Along the same lines, other works were developed using
Isogeometric Analysis (IGA), such as the one by Tran er al. [12], Babaei et al. [13] and Rezaiee-Pajand et al.
[[14]. Shen and the other coauthors developed several studies on the post-buckling behavior of a cylindrical shell
in thermal environments [3, [15-19]].

Plates and shells are susceptible to collapse from of stability, due to their high slenderness. When subjected to
high temperatures, the material undergoes thermal expansion, in cases where displacements are restricted causing
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compressive stress, the structure may suffer an elastic instability, known as thermal buckling [20].

Thus, it is necessary to develop studies concerning of thermal stability in functionally graded plates. In this
context, this work aims to present a methodology for thermal buckling analysis of FGMs in plate structures using
FEM. Including the determination of critical temperature, buckling modes and post-critical path and the influence
of volume fraction distribution and length to thickness ratio (a/h). The computer simulations were performed
in the commercial software Abaqus. The Virtual Lamina Method (VLM) was applied to correctly represent the
thermomechanical behavior of FGMs for buckling and user material subroutines (UMATSs) for post-buckling.

2 Functionally graded materials

FGMs are composites formed by two or more materials, whose composition varies in a continuous and smooth
way along the structure. In the case of plates and shells, the volume fractions distribution can be defined according
to the power law:

Vi = (0.5 — %)N, Vot Vip =1 (1)

where, z is the coordinate in which the properties changes, 4 is the total thickness of the plate or shell, N corre-
sponds to the fraction index of volume, V;,, and V, correspond to the volume of metal and ceramic, respectively.
Fig[T| presents a graph with the variation of the metal volume fraction along the thickness in relation to the volume
fraction index, according to the power law.
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Figure 1. Variation of volume fraction V,,.

Effective material properties are obtained through the application of homogenization techniques. The most
used are the law of mixtures (Voigt) and Mori-Tanaka [21]]. In this study, the first methodology is applied, in which
the effective properties (P s ¢) of the composite are calculated as:

Pegs(2) = PV (2) + Pe(1 — Vin(2)) 2
where, P, and P, correspond to the properties of metal and ceramic, respectively.

3 Finite Element Method

In the incremental finite element formulation for nonlinear analysis, the displacement vector (u), stress (S)
and strain (E) in the increment to be calculated are expressed by [9]:
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u=u" 4 Au 3)
S=8" 1+ As (4)
E=E® + AE=E® + Ac + Ap (5)

where Ae and An represent the linear and nonlinear incremental strain vectors in Au. Note that the (i) superscript
symbology is used to represent the initial values and A the incremental ones. The equilibrium equation is given

by:

/ SETST qv —sWw =0 (6)
Vv

where, 6W is the work of external forces. Replacing the Eq.(3)-(3), we have:

/ 5eTAST av + / 5eTWS AV + / T WSAV — sW =0 (7
174 \% 1%

The incremental strain vector and the virtual strain vector work are given by:

Ae =BAu,, 6c=Béu, (8)

where, B corresponds to the matrix of the derivatives of the shape functions and Au, referring to the nodal degrees
of freedom of the incremental element. The stress vector S(*) and the increment of the stress vector are formulated
by:

S = C(E®D —EM™),  AS = CAe 9)

(th)

where, C is the matrix of elastic constants and E*""’ the vector of thermal deformations, obtained by:

EM =AT[a o o« 0 0 0 (10

Finally, the linearized equilibrium equation can be achieved by substituting Eq.(8)-(I0) in Eq.(7).

3 ou (K, + K,)]Au, — (Qu +Qp — Q) =0 (11)

where, K; and Kgcorrespond to the linear stiffness matrix and the stiffness matrix generated by the stresses of the
(1)th step. Q refer to the element’s nodal charge vectors, Q(i) due to the stress in the (i) th state, Q,;, generated
by the deformation thermally induced and Q_; is the element’s nodal load vector due to the applied loads. Being
expressed by:

QW = / BTCYEqv, (12)
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Q.= [BTCEm v, (13)

Performing the assembly process, we obtain:

su” (KAu — AQ) =0 (14)

where, dq the vector of the global incremental nodal degrees of freedom, K is the global tangent stiffness matrix
and AQ the charge vector global incremental nodal. Finally, write:

KAu = AQ (15)
The trace of the equilibrium path can be determined by several methods such as Displacement Control, Load

Control, Arc-length and others. The Arc-length method is the most used since it can trace the nonlinear equilibrium
path of structures preseting limit points and snap-backs. However, it needs smaller increments for convergence.

3.1 Thermal buckling
When the structure is subjected to thermal gradients, the material undergoes thermal expansion, in cases

where displacements are restricted, causing compression stress, the structure may suffer loss of stability, in this
case known as thermal buckling. The critical temperature value can be obtained by solving the eigenvalue problem:

(KL + )\Ks)uD =0 (16)

where, A is the eigenvalue, uP the associated mode, K and Kg correspond to the global linear stiffness matrix
and the stress matrix global, respectively. Finally, the critical temperature is obtained by:

Tor = Ar AT + Tyoyp = ATy + Trey A7)

where, A, is the smallest eigenvalue, ATy, is the critical temperature variation and 7.y corresponds to the
reference temperature. The equilibrium path is obtained by solving Eq.(I5), applying the critical temperature and
its associated mode.

4 Numerical results and discussions
A rectangular plate made out of Alumina and Nickel and with all four edges clampled, witll be analyzed. The
material properties are shown in Tab. [T} The structure is subjected to a uniform temperature rise with a reference

temperature of 290K.

Table 1. Material properties

AlsOg3 Ni
Modulus of elasticity (GPa) 393.00 199.50
Poisson’s ratio 0.25 0.30

Coefficient of thermal expansion (°Cx10~%)  8.80 13.30

It is worth noting that the modeling of FGM structures can be performed trough the use of user material
subroutines (UMAT). However, this methodology has some limitations in ABAQUS, for example, in determining
the critical temperature by means of BUCKLE analysis step. In cases like this, the Virtual Lamina Method (VLM)
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can be applied, in which the structure is divided into a set of layers, where each layer is considered as isotropic
material, the properties of which correspond to the values of the central coordinates of each layer.

The subdivision of the structure was carried out using VLM, the S8R element and a 10x10 element mesh.
The number of virtual layers needed for the simulations was evaluated by comparing them with the critical load
values for a/h = 50 and N = 1, present in [[7, 9], respectively 121.53 and 121.48 . The results presented in Tab.
[l show that the use of 10 layers leads to satisfactory results. Thus, the simulations use 10 virtual layers.

Table 2. Critical temperature (a/h =50e N = 1)

Number of layers Critical temperature range

5 121.90
10 121.73
15 121.69

Through the graph shown in Fig. 2] it is observed that the critical temperature variation of the plate undergoes
a sharp decrease as the aspect ratio a/h of the structure increases. In relation to the volume fraction index, there is
an increase in the critical variation with its increase, since the increase in N indicates the increase in the ceramic
volume.
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Figure 2. Critical temperature range

Fig 3| presents the four initial buckling modes. It is noteworthy that the important thing for design is the first
critical mode, in which the structure loses stability.

a) b) c) d)

Figure 3. Buckling modes: a) 1st, b) 2nd, ¢) 3rd and d) 4th mode

To perform the post-critical path tracing, a point load was inserted in the center of the plate, this procedure
is adopted in order to generate a small imperfection from the load application. A UMAT subroutine created
in Fortran and coupled with ABAQUS was applied. The mesh used was 10x10x10 with application of the 3D
element C3D20R.
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Fig shows the post-buckling behavior due to a uniform temperature increase for different a/h ratios, as-
suming N = 1. The values obtained in the simulations are compared with those presented in Trabelsi et al. [10].
In addition to the reduction in critical variation with the increase in the w/h ratio, there is an increase in the central
displacement of the plate. It is verified that the post-buckling path is given by stable bifurcation, in which the plate
is able to withstand temperatures higher than the critical one.
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Figure 4. Post-critical path for N = 1

Fig[3] shows the equilibrium path for a uniform temperature increase for different values of N. It can be
seen that the maximum displacement of the FGM plate is smaller than the one composed by only metal and
larger than the than the all-ceramic plate. As the volume of metal increases the displacement increases for the
same temperature. It is noteworthy that both graphs of the equilibrium path showed good agreement with those
presented by Trabelsi et al.[10].
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Figure 5. Post-critical path for a/h = 100

5 Conclusion

This work dealt with the thermal buckling analysis of FGM plates using FEM, applying VLM for buckling
and UMATs for post-buckling. It is noteworthy that this methodology can also be applied to shells. Note that as the
geometric parameter a/h increases, the critical temperature gradient decreases considerably. Thus, the thinner the
plate, the smaller the critical variation required for thermal buckling to occur. Regarding the volume fraction index,
it is observed that the higher the value of N, the smaller the displacements and the greater the critical temperature
variation.
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