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Abstract. This paper examines the thermal post-buckling behaviors of graphene-reinforced metal matrix composite
(GRMMC) laminated cylindrical panels which possess in-plane negative Poisson’s ratio (NPR) and rest on an elastic
foundation. A panel consists of GRMMC layers of piece-wise varying graphene volume fractions to obtain functionally
graded (FG) patterns. Based on the MD simulation results, the GRMMCs exhibit in-plane NPR as well as temperature-
dependent material properties. The governing equations for the thermal post-buckling of panels are based on the Reddy’s
third order shear deformation shell theory. The von Karman nonlinear strain-displacement relationship and the elastic
foundation are also included. The nonlinear partial differential equations for GRMMC laminated cylindrical panels are
solved by means of a singular perturbation technique in associate with a two-step perturbation approach and in the
solution process the boundary layer effect is considered. The results of numerical investigations reveal that the thermal
post-buckling strength for (0/90)sr GRMMC laminated cylindrical panels can be enhanced with an FG-X pattern. The
thermal post-buckling load-deflection curve of 6-layer (0/90/0)s and (0/90)sr panels of FG-X pattern are higher than those
of 10-layer (0/90/0/90/0)s and (0/90)sr panels of FG-X pattern.
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1. Introduction

It is well known that conventional materials experience
expansion when compressed. This trend is reversed for the
so-called auxetic materials in which contraction is observed
when compressed which enables the materials to possess
negative Poisson’s ratio (NPR). Due to this exotic
characteristics, auxetic materials can perform better in
certain circumstances than the conventional materials, e.g.
indentation  resistance, fracture resistance, energy
absorption, etc. (Liu 2006, Prawoto 2012, Mir et al. 2014,
Huang and Chen 2016, Saxena et al. 2016, Lakes 2017, Ren
et al. 2018). One of the potential applications of such
materials is to create auxetic honeycomb core sandwich
structures (Duc et al. 2017, Cong et al. 2018, Duc and Cong
2018, Zhang et al. 2019). Recently, a series of studies were
conducted by Li et al. (20194, b, c, d, 20204, b, c, d) on the
nonlinear mechanical behaviors, i.e., large amplitude
vibration, nonlinear bending and post-buckling, for auxetic
honeycomb sandwich beams and plates subject to different
loading and thermal conditions. The results from their
studies revealed that sandwich plates with NPR core can
have  substantially  higher  thermal  post-buckling
temperatures when comparing with their counterparts with
positive Poisson’s ratio core (Li et al. 2020a).
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Another way to obtain NPR in laminates is by arranging
the stacking sequence of the laminated layers and
orientation angles in certain patterns (Herakovich 1984,
Milton 1992, Clarke et al. 1994, Hine et al. 1997, Zhang et
al. 1998, Yeh and Yeh 1999, Evans et al. 2004, Harkati et
al. 2007). It is revealed that higher NPR values can be
obtained when the carbon fiber reinforced laminate is strong
anisotropy (Sun and Li 1988). However, the effect of NPR
on the mechanical responses of auxetic laminated structures
is scarce. In this regard, Alderson and Coenen (2008)
studied the response of auxetic carbon fiber reinforced
(£30)6s laminates with out-of-plane NPR vi3 = -0.156
subject to low velocity impact. The influence of out-of-
plane NPR on the vibration behavior of a 5-layered
composite beam with two embedded auxetic layers was
investigated by Azoti et al. (2013). The nonlinear dynamic
responses for a laminated plate having two auxetic layers
were reported by Chen and Feng (2017) where the NPR was
assumed to be in the range of -0.3 to -0.9 which was not
directly related to available real composite materials.

Functionally graded (FG) materials with inhomo-
geneous elastic properties have recently been used in a
variety of engineering sectors including mechanical,
aerospace, electronics, biomedical, chemical and nuclear
engineering (Shen 2009a). Shen (2009b) first proposed FG
carbon nanotube reinforced composites (CNTRCs) and then
extended to the FG-CNTRC laminates with NPR (Shen et
al. 2020a) due to the high ratio value of the two in-plane
Young’s moduli (E11/Ez2 > 40) of CNTRC laminates. The
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effect of out-of-plane NPR on the nonlinear bending
behaviors and nonlinear vibration characteristics of CNTRC
plates and beams was examined by Shen et al. (2020b),
Yang et al. (2020a, b, ¢) and Yu and Shen (2020a, b). The
dynamic responses of FG-CNTRC laminated beams and
plates with out-of-plane NPR were then studied by Fan and
Wang (2021) and Huang et al. (2020a, b).

Shell panels are a type of structural components
encountered in many engineering fields. When comparing
with flat plates, shell panels are stiffer and can be used as
light weight structural components or where large
span/clearance is required. When subjected to high
temperature, composite panels can buckle due to thermal
loading (Karami and Karami 2019, Ebrahimi et al. 2019,
Mehar and Panda 2019). Many research works were
reported in open literature on thermal post-buckling
responses for cylindrical panels made of fiber reinforced
composites (FRCs) and CNTRCs subject to elevated
temperature (Oh and Lee 2001, Lee et al. 2002, Roh et al.
2004, Panda and Singh 2009, 2013, Lal et al. 2012, Shen
and Xiang 2015, Trang and Tung 2020). The results
revealed that the thermal post-buckling equilibrium path is
not the bifurcation-type for a laminated cylindrical panel
with simply supported boundary condition and immovable
in-plane edge constraint. This is mainly due to the existence
of initial deflection in the panel. There are two reasons for
the initial deflection. Firstly, the initial deflection is caused
by compressive stress on the two immovable straight edges
of the panel under elevated temperature. Secondly, the
initial deflection may be caused by thermal bending if the
panel is asymmetric.

Graphene is a two-dimensional material of extraordinary
characteristics in the carbon family (Novoselov et al. 2004)
which possesses anisotropic (Ni et al. 2010) and
temperature dependent (Shen et al. 2010) material
properties and may also have in-plane NPR (Fan et al.
2019). Using molecular dynamics simulations, a complete
set of material properties of PMMA based graphene
reinforced composites (GRCs) was obtained by Lin et al.
(2017). Subsequently, Shen et al. (2017a, b, 2019b) and
Shen and Xiang (2019) investigated the thermal post-
buckling responses of FG-GRC laminated structures.
Thermal post-buckling studies for FG-GRC laminated
structures were also carried out by Mirzaei and Kiani
(2017), Kiani (2018), and Kiani, and Mirzaei (2018) using
the finite element method.

The major disadvantage of polymer matrix composite
structures is their inability to withstand high temperature,
while metal matrix composite (MMC) structures can
enhance temperature resistance of the structures. Our
literature survey has revealed that studies on the thermal
buckling responses of MMC laminated structures are
scarce. Among a few reported researches in this area, Paley
and Aboudi (1991), and Feldman and Aboudi (1995)
studied the inelastic thermal buckling and post-buckling of
MMC  antisymmetric  laminated plates including
viscoplastic effect. The same problem for the inelastic
thermal buckling of MMC symmetric laminated plates
under non-uniform thermal loading was performed by
Feldman (1996). Shen and Wang (2013) investigated the

thermal post-buckling behaviors of anisotropic laminated
MMC cylindrical shells subject to a uniform temperature
rise. On the other hand, Dehrouyeh-Semnani and Jafarpour
(2019) carried out the thermal post-buckling analysis of
laminated MMC shallow arches under thermal loading.

With the development of material science, metal matrix
reinforced by graphene fillers has emerged as a new type of
advanced nanocomposites (Hu et al. 2016, Dadkhah et al.
2019, Naseer et al. 2019, Tabandeh-Khorshid et al. 2020) in
recent years. Using molecular dynamics simulations, Fan et
al. (2020) obtained a set of temperature-dependent material
properties of GRMMC using single crystalline copper (Cu)
as the matrix and observed for the first time that the
graphene/Cu composite exhibits auxetic behavior in the in-
plane directions. Based on the GRMMC material properties
from Fan et al. (2020), Shen et al. (2020c) and Shen and
Xiang (2020) investigated the compressive post-buckling
responses for GRMMC laminated flat and cylindrical
panels with the effect of in-plane NPR.

The aim of this work is to examine the thermal buckling
and post-buckling behaviors of auxetic GRMMC laminated
cylindrical panels resting on an elastic foundation and
subject to a uniform temperature rise. For the GRMMC
panel, the in-plane NPR is achieved due to the auxetic
GRMMC layers and the arrangement of the GRMMC layers
with special orientation angles and stacking sequence. The
graphene sheets are aligned (Liang et al. 2011) and the FG
patterns of the panels can be formed by arranging the
GRMMC layers with piece-wise varying volume fractions
of graphene fillers. The thermo-mechanical properties of
GRMMC are temperature-dependent. The Reddy’s third
order shear deformation shell theory is utilized to obtain the
governing equations for the FG-GRMMC laminated
cylindrical panels. The geometric nonlinearity in the von
Ké&rman sense, temperature variation and initial geometric
imperfection are included in deriving the governing
equations. Applying the singular perturbation technique in
associate with a two-step perturbation approach, the thermal
post-buckling problem is solved and thermal post-buckling
load-deflection curves are obtained for the auxetic
GRMMC laminated cylindrical panels.

2. Modelling of FG-GRMMC laminated cylindrical
panels

Fig. 1 shows a cylindrical panel resting on an elastic
foundation and having a coordinate system (X, Y, Z) with its
origin being located at the corner on the mid-plane, where
X, Y and Z are the axes in the longitudinal, the
circumferential and the inward normal to middle plane
directions, respectively. The panel is of total thickness h,
axial length a, circumferential length b and radius R and
consists of N GRMMC layers of the same thickness. The
piece-wise FG patterns of the panel are achieved by
arranging the GRMMC layers having different values of
graphene volume fraction cross the panel thickness. An
arithmetic series of 0.05, 0.07, 0.09, 0.11 and 0.13 of
graphene volume fractions (Fan et al. 2020) is selected for
multilayered GRMMC laminated cylindrical panels.
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Fig. 1 Geometry and coordinate system for a GRMMC
cylindrical panel rested on a Pasternak foundation

Sharma et al. (2017) reported that up to 16% graphene
volume fraction can be achieved in GRMMCs, while we
apply up to 13% graphene volume fraction in GRMMC
layers in the current study. Cylindrical panels of ten
GRMMC layers with four different FG patterns are
considered in the current study which are named as FG-A
([(0.05),/(0.07)2/(0.09),/(0.11),/(0.13)2]), FG-V ([(0.13)./
(0.11),/(0.09)./ (0.07)2/(0.05)]), FG-O ([0.05/0.07/0.09/
0.11/0.13]s) and FG-X (]0.13/0.11/0.09/0.07/0.05]s),
respectively. For comparison purpose, we also consider a
UD laminated cylindrical panel with ten GRMMC layers of
the same graphene volume fraction ([(0.09)10]).

Due to their temperature resistance property, GRMMCs
are ideal for applications in high temperature environment
(Tabandeh-Khorshid et al. 2020). For a novel class of
advanced materials, one important aspect is to predict the
thermal-mechanical properties of GRMMCs firstly when
studying the thermal post-buckling of GRMMC laminated
panels. As mentioned previously (Shen et al. 2020c, Shen
and Xiang 2020), the negative Poisson’s ratio vi» and the
thermal expansion coefficients a1 and a1 of the GRMMC
layer are far different from that predicted by any
conventional micromechanical model. In the current study,
the thermal-mechanical properties of GRMMCs are
expressed as a nonlinear function of temperature based on
the MD simulation results of Fan et al. (2020) as

P = Py + P,T + P,T? + P;T? )

where the coefficients associated with temperature T (K) are
Po, P1, P2 and P3 which are unique to the GRMMC layers.

The panel is rested on a Pasternak foundation with
stiffness K, for the vertical spring and stiffness K, for the
shearing layer. The panel-foundation interactive force po is
given by po = K,W — K,V*W, where the displacement W
is in the Z direction, and the Laplace operator V2 is related
to the coordinate variables X and Y.

The panel is in a thermal environment with uniformly
elevated temperature. We employ the Reddy’s third order
shear deformation shell theory (Reddy and Li 1985) to
model the auxetic GRMMC laminated cylindrical panel.
The von Karman geometric nonlinearity, foundation support

and thermal effect are considered in the modeling. The
governing equations for the panel may be given by
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where W* is the additional deflection of the panel caused
by the initial geometric imperfection, and ¥, and ¥,
represent the rotations about the Y and X axes, and the stress
function F is defined by N, = 0%F/dY?, N, =9%F/ax* and
Ny, = —0%F/oXoY. L;;() are linear operators which have
been defined in Shen (2017). The nonlinear operator L()
can be written as

Is0 0 L0 0
LsO 0 0 L0

92 92 92 92 9% 92
LO = 5xz5v2 ~ 2axav axor T ov2ax?

Eg. (2) includes the foundation effect through the terms
relating to the foundation stiffnesses K; and K,. The terms
with superscript T in Eq. (2) are relating to the temperature
effect. Note that the effect of temperature is also included in
the GRMMC material properties. N7, MT and ST caused
by temperature rise are given in Appendix A.

The panel’s two straight edges are simply supported (S)
while its two curved edges are assumed to be either simply
supported (S) or clamped (C). Note that all edges are
constrained against in-plane displacements. The boundary
conditions of the SSSS panel can be given as

= M,= P, =0 (atX =0,a) (4a)

®)

W= =M=~ =0(@Y=0b (b

and for the CSCS panel, they are
W=¢ =¥ =0(@X=0,a) (5a)

W =% =M, =P =0(@Y=0b) (5b)

where M, and M, denote the bending moments, and P,
and P, denote the higher order moments as given in Reddy
and Li (1985).

Unlike compressive post-buckling problem of the
panel where the displacement in the axial direction should
be movable (Shen and Xiang 2020), in the current study, the
in-plane boundary conditions are immovable and can be
written as

U=0(@tx=0,a) (6a)

7 =0(atY=0,b) (6b)

and they may be fulfilled in the average sense as

[ dxdy =0, [ [’ dvdX =0  (7a)

0 gy

which yields
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where the reduced stiffness matrices of the panel [4;/], [B;;],
etc. are given in Appendix B.

3. Solution procedure

It was reported by Shen (2017) that the boundary layer
effect must be considered for the accurate analysis of
thermal post-buckling of cylindrical panels subject to
thermal loading. The boundary layer effect is taken into
consideration in the current study by first transforming the
governin Eq. (2) to the boundary layer type equation as

2
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where W7 = W* + W + Wy, consisting of the additional

thermal deflection W; and the additional deflection w;;
due to compressive stresses caused by the immovable
edges. Note that w;* = 0 when AT =0. Lj()and L() are
non-dimensional operators and are derived in Shen (2017).
Evidently, when ¢ <1, Eq. (9) becomes the boundary layer
type equation that contains panel initial geometric
imperfections, pre-buckling deformations and large
deflections in the post-buckling domain, simultaneously.
The dimensionless parameters in Eq. (9) are given as
follows
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in which E, is Ez for the UD GRMMC laminated
cylindrical panel with To = 300 K, ki and k, are
dimensionless foundation parameters, and A%, A, etc., are
defined by

AT Dl
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The boundary conditions for the SSSS panel become

W='zuy= Mx=Px =0 (atX=0, T[) (12a)

k-1

th [Aﬂ (1,z,2%a1dZ (1)
k

W:lpx:My :Py =0 (aty =0, 71') (12b)

and for the CSCS panel, they become

W=w,=%,=0 (atx =0 m) (13a)

W=IPX=My =Py=0 (aty=0, T[) (13b)

and the in-plane immovable conditions of Egs. (8a) and (8b)
become
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The total initial deflection of the panel may be expressed by
Wi(x,y, &) = suAgzl) sinmxsinny (15)

where u is the imperfection parameter.

The solution procedure is carried out by means of a
singular perturbation technique in associate with a two-step
perturbation approach which was developed by Shen (2013)
and was applied by many researchers to solve various
nonlinear boundary value problems of curved panels
successfully (She et al. 2017, Sahmani and Fattahi 20173, b,
Babaei et al. 2018, 2019, Zhao et al. 2018, Bayat and
Mashhadi 2018, Ma et al. 2019). We can separate Eq. (9)
into two sets of equations and then first obtain W,* caused
by rising temperature. Afterwards, the thermal post-
buckling problem of auxetic GRMMC laminated cylindrical
panels was solved by employing the two-step perturbation
approach. The displacements W, ¥, and ¥, and the stress
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function F can be determined in two parts, i.e., the regular
solutions combined with the boundary layer solutions where
the boundary layer variables at the vicinity of the panel’s
two curved ends are defined by & =x/e%/2 and ¢ = (w —
x)/€'/2. By matching the regular and the boundary layer
solutions at the panel’s curved ends, we can obtain the
solutions for W, ¥,, ¥, and F (as shown in Appendix B).
It is worth noting that the higher order perturbation solution
is not necessarily more correct than the lower order
solution, as previously pointed out in Shen et al. (2019a).
From Eq. (B.1), the present solution shows that the pre-
buckling deformation is nonlinear. Finally, the thermal post-
buckling solutions for the auxetic GRMMC panel can be
obtained as

Ar = €AY — 2P UPe)2 1 2P UP eyt + . ] (16)

in which (4%¢) is taken as the second perturbation
parameter relating to the dimensionless maximum
deflection Wm, and A(Ti) (i=0, 2, 4...) are all functions of
temperature, and the details of which may be found in
Appendix C. The buckling temperatures as well as the
thermal post-buckling load-deflection curves of auxetic
GRMMC laminated cylindrical panels are then solved
numerically. Note that an iterative numerical procedure is
employed to obtain the solutions as the material properties
of GRMMC panels are temperature-dependent (Shen and
Xiang 2015).

4. Numerical investigations

This section presents the thermal post-buckling
behaviors for GRMMC laminated cylindrical panels with
in-plane NPR and resting on an elastic foundation. As
cylindrical panels do not have the thermal bifurcation state,
we will use flat panels for the comparison study to verify
the current model and solution approach. The buckling
temperatures aoTe for (0/90/0) and (0/90)s cross-ply
laminated flat panel subjected to a uniform temperature rise
are presented in Table 1 and are compared with the
isogeometric FEM results of Tran et al. (2017) and Thanh
et al. (2019). In Table 1, the panel has b/h = 10, a/b = 1 with
material properties E1/Ez = 15, Gio/Ez = Gi1a/Ez = 0.5,
Gas/Ez = 0.3356, vy, = 0.3, a;; = 0.015x10%/°C, a,,=
1.0 X 10%°C, a,= 1.0 x 10%°C. Good agreement is
achieved between the current solutions and the results from
Tran et al. (2017) and Thanh et al. (2019). The results
reveal that the buckling temperature for the panel with
fewer layers (for example, N = 3) is lower than that of the
same panel with more layers (for example, N = 4).

The buckling temperatures T, are obtained for CNTRC
flat panels subjected to a uniform temperature rise. Table 2
presents the current results and the Ritz method results of
Mirzaei and Kiani (2016), the DQM results of Ansari et al.
(2019) and the Galerkin method results of Tung and Trang
(2020). The material properties come from Shen and Xiang
(2015) and the panel has a/b = 1, h = 2 mm, b/h = 10 and
20. Good agreement between the current results and the
results from Mirzaei and Kiani (2016), Ansari et al. (2019)
and Tung and Trang (2020) is observed again.

Table 1 Comparison of buckling temperature aoTc for
symmetric cross-ply laminated flat panels subjected to a
uniform temperature rise, (m, n) = (1, 1)

Lay-up Source aoTcr
Present 0.0766

(0/90)s Thanh et al. (2019) 0.0766
Tran et al. (2017) 0.0762
Present 0.0754
(0/90/0) Thanh et al. (2019) 0.0754
Tran et al. (2017) 0.0754

Table 2 Comparisons of buckling temperature T (in K) for
temperature dependent CNT/PMMA flat panels subjected to
a uniform temperature rise [Vy =0.17, (m, n) = (1, 1)

b/h Source ubD FG-X
Present 399.44  419.09
Mirzaei and Kiani (2016) 399.03  419.13
10 Ansari et al. (2019) 398.94  419.10
Tung and Trang (2020) 399.01  419.50
Present 343.00 359.52
Mirzaei and Kiani (2016) 343.00 359.43
20 Ansari et al. (2019) 342.98 359.46
Tung and Trang (2020) 34296  359.75
500
| (0/90),
ab=1, aR =038
4008 o m=2,2)
| 1:h=05nm &h=200
S 290 2:h=025mm. B/ =400
£ 1
~
=1 200}
100 + n & [
. Present
[ ] . Oh & Lee (2001)
0 1 1 1 1
0.0 0.2 04 0.6 0.8 L0
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Fig. 2 Comparisons of thermal post-buckling load-deflection
curves for (0/90)s laminated cylindrical panels subjected to a
uniform temperature rise

Fig. 2 presents the thermal post-buckling results of a
(0/90)s cross-ply laminated cylindrical panel from the
current method and from the layerwise finite element results
of Oh and Lee (2001). The panel is subjected to a uniform
temperature rise and has a/R = 0.38, a/b = 1, b/h = 200 and
400. The material properties are: E11= 138 GPa, E» = 8.28
GPa, Glz = G13 = Gza = 6.9 GPa, Viz = 0.33, a1 =
0.18x10°/°C, a,, = 27x10° °C. The present solution is
in good agreement with that from Oh and Lee (2001). These
results confirm that the thermal post-buckling load-
deflection curve of the cylindrical panel is not the
bifurcation type.

The comparison studies have validated the current
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model and solution approach for the thermal post-buckling
analysis of cylindrical panels. We then perform numerical
investigations on the thermal post-buckling of auxetic
GRMMC cylindrical panels. The panel is subjected to a
uniform temperature rise and is rested on a Pasternak type

Table 3 Temperature-dependent coefficients for graphene/

Cu composites

Ve Properties Po P1 P2 P3
Ei1 (GPa) 241.8875 -0.15344 1.56964e-4 -9.00595e-8
E,, (GPa) 221.4575 -0.10086 7.50357e-5 -4.67738e-8
Gy, (GPa) 74.37475 -0.03051 1.45893e-5 -5.40119e-9
G13 (GPa) 35.66925 -0.00459 -7.74643e-6 7.72619e-10
005 G,3 (GPa) 28.99825 0.02529 -5.44964e-5 2.39006e-8
V12 -0.00615 -3.48983e-4 6.25e-7 -3.81667e-10
a1 (109/K) 15377 -0.0011  2.85786e-6 -1.59524e-9
az; (10%/K) 1.5556 -0.00122 3.02857e-6 -1.63571e-9
E{, (GPa) 2619775 -0.01568 -1.0075e-4 5.24167e-8
E;, (GPa) 260.37 -0.09389 4.97857e-5 -3.75238e-8
Gy, (GPa) 81.392 0.00524 -3.45286e-5 1.32524e-8
0.07 Gz (GPa) 24.3555 0.02055 -4.83643e-5 2.64595e-8
Gy; (GPa) 22124  0.0348 -752e-5  4.06667¢-8
V12 0.00205 -3.23355e-4 4.60714e-7 -2.1881e-10
a;; (10%/K) -05509  0.00879 -1.31529e-5 6.63524e-9
ay, (10%/K) -0.65788 0.00939 -1.40868e-5 7.04536€-9
E;; (GPa) 300.8075 -0.085  1.07143e-7 4.5119e-9
E,, (GPa) 279.785  -0.0955  7.84286e-5 -6.34524e-8
Gy, (GPa) 93.8735 0.00677 -5.625e-5  3.205e-8
0.09 G5 (GPa) 305285 -0.02572 3.55929¢-5 -1.84786e-8
Gy; (GPa) 26.897  -0.00733 3.02857e-6 -7.52381e-10
V12 0.02263 -4.35363e-4 8.03214e-7 -4.77976e-10
a;; (10%/K) -0.62878  0.00861 -1.24054e-5 5.95107e-9
ay, (10%/K) -0.54615 0.00822 -1.19471e-5 5.8131e-9
E;; (GPa) 287.5875 0.1803  -4.55393e-4 2.35845¢-7
E,, (GPa) 3035125 -0.05784 2.81071e-5 -6.36548e-8
Gy, (GPa) 134.8655 -0.12887 1.56364e-4 -6.88262e-8
011 Gz (GPa) 8.20125 0.10503 -2.13889%e-4 1.16868e-7
G,z (GPa) 10.146 0.0893  -1.88571e-4 1.05048e-7
Vi 0.03558 -3.68413e-4 4.98214e-7 -2.32976e-10
a1 (10%/K) -1.44113 0.01213 -1.78539%e-5 8.46512e-9
az; (10%/K) -1.2885 0.01125 -1.63993e-5 7.73619e-9
E{1 (GPa) 411.285 -0.46756 6.40929e-4 -3.30786e-7
E,, (GPa) 3729775 -0.36793 5.79321e-4 -3.60964e-7
Gy, (GPa) 165.8365 -0.2487  3.83879%-4 -2.01336e-7
013 Gz (GPa) 18.66 0.0114  -2.72857e-5 1.39571e-8
G,z (GPa) 28.83825 -0.05026 7.42107e-5 -3.67988e-8
Vi 0.15508 -0.00116  2.0575e-6 -1.09917e-9
ay; (10%/K) 0.02517  0.00377 -4.63893e-6 2.16512e-9
oy, (108/K) 0.0368  0.0037 -4.42143e-6 1.99762e-9

Table 4 Effective Poisson’s ratio
laminates without deflection

vi, for GRMMC

T(K) ub FG-V FG-4A FG-X FG-O
(0/90/0/90/0)s
300 -0.0472  -0.0496 -0.0496 -0.0449 -0.0449
500 -0.0527 -0.0600 -0.0600 -0.0564 -0.0564
700 -0.0513 -0.0585 -0.0585 -0.0528 -0.0528
1000 -0.0840 -0.0782 -0.0782 -0.0717 -0.0717
(0/90/0)s
300 -0.0474  -0.0477  -0.0477 -0.0455  -0.0455
500 -0.0529 -0.0590 -0.0590 -0.0577 -0.0577
700  -0.0515 -0.0605 -0.0605 -0.0593 -0.0593
1000 -0.0845 -0.0750 -0.0750 -0.0750 -0.0750
(0/90)st
300 -0.0469 -0.0492 -0.0493 -0.0447 -0.0447
500  -0.0524 -0.0595 -0.0597 -0.0565 -0.0565
700  -0.0510 -0.0581 -0.0582 -0.0528 -0.0528
1000 -0.0831 -0.0772 -0.0777 -0.0717 -0.0717
(0/90)3r
300 -0.0469 -0.0471 -0.0472 -0.0451  -0.0450
500 -0.0524 -0.0583 -0.0585 -0.0570 -0.0570
700  -0.0510 -0.0599 -0.0601 -0.0586 -0.0587
1000 -0.0831 -0.0736  -0.0740 -0.0728 -0.0728
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Fig. 3 Thermal post-buckling behavior of GRMMC
cylindrical panels with in-plane NPR subjected to a
uniform temperature rise: (a) (0/90/0/90/0)s panels; (b)
(0/90)st panels
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Fig. 4 Influence of total number of layers on the thermal
post-buckling load-deflection curves of GRMMC
cylindrical panels with in-plane NPR subjected to a
uniform temperature rise: (a) (0/90/0/90/0)s and
(0/90/0/)s panels; (b) (0/90)st and (0/90)sr panels

foundation. The GRMMC layer is composed of copper
matrix and graphene reinforcements (zigzag pattern refer to
as 0-ply). Table 3 lists the effective material properties of
the GRMMC layer of different graphene volume fractions
(Ve =0.05, 0.07, 0.09, 0.11 and 0.13). In the following, the
panel geometric parameters are b/a = 1.2, a/h = 300 and a/R
= 1/6. The layers have the same thickness and the panel
thickness is h = 3 mm. 10-layer (0/90/0/90/0)s and (0/90)st
GRMMC laminated cylindrical panels are under
consideration. The boundary condition is SSSS, except for
the case in Fig. 6. The effective Poisson’s ratio v{, of the
GRMMC laminated cylindrical panels can be determined
once the FG pattern, the stack sequence and the orientation
angles are chosen (Shen et al. 2020c, Shen and Xiang
2020). The effective Poisson’s ratios v{, for two GRMMC
laminates in four different thermal environments T = 300 K,
500 K, 700 K and 1000 K are presented in Table 4.

Fig. 3 presents the thermal post-buckling responses for
FG-A, FG-V, FG-O and FG-X (0/90/0/90/0)s and (0/90)st
panels subjected to a uniform temperature rise. The results
for UD (0/90/0/90/0)s and (0/90)st panels are also presented
in Fig. 3. It has been reported that the panel has the
bifurcation post-buckling path when movable in-plane
condition is imposed to the two straight edges, whereas for
the immovable in-plane condition case, the panel exhibits a

800
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Fig. 5 Influence of foundation stiffness on the thermal
post-buckling load-deflection curves of GRMMC
cylindrical panels with in-plane NPR subjected to a
uniform temperature rise: (a) (0/90/0/90/0)s panels; (b)
(0/90)st panels

limit-point post-buckling path (Shen and Xiang 2020). In
the present example, the immovable in-plane conditions are
considered and the thermal post-buckling equilibrium path
of the panel is not the bifurcation-type. We observe that the
FG-X (0/90/0/90/0)s panel has the lowest thermal post-
buckling load-deflection curve, while the FG-X (0/90)st
panel has the highest thermal post-buckling load-deflection
curve among the five cases when W/h < 0.6. The different
behaviors of these two FG-X panels are due to the existence
of the initial deflection caused by thermal bending in the
FG-X (0/90)st unsymmetric laminated panel while this
initial deflection is absent in the FG-X (0/90/0/90/0)s
symmetric laminated panel. It is noted that, in Fig. 3 and
what follows, W*/h is the dimensionless initial geometric
imperfection, W/h is the dimensionless additional
deflection, and (m, n) is the buckling mode where m and n
represent the number of half waves in the X and Y
directions, respectively.

Fig. 4 shows the relationship between the stacking
sequence and the thermal post-buckling responses for UD
and FG-X GRMMC laminated panels subjected to a
uniform temperature rise. In Fig. 4, 6-layer (0/90)sr and
(0/90/0)s panels are also considered and the FG-X patterns
of the panels consist of [0.13/0.09/0.05]s layers. We
observe that the effect of the number of layers on the
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Fig. 6 Effect of boundary condition on the thermal post-
buckling load-deflection curves of GRMMC cylindrical
panels with in-plane NPR subjected to a uniform
temperature rise: (a) (0/90/0/90/0)s panels; (b) (0/90)sr
panels

thermal post-buckling load-deflection curves of UD
GRMMC laminated panels is insignificant. Unlike the
conventional observation, for the FG-X GRMMC panels,
the 10-layer panel has a lower thermal post-buckling load-
deflection curve than the 6-layer panel, in particular for the
case of (0/90/0)s and (0/90/0/90/0)s GRMMC laminated
cylindrical panels, which may be attributed to the influence
of the in-plane NPR.

Fig. 5 depicts the impact of the foundation stiffness on
the thermal post-buckling responses of UD and FG-X
(0/90/0/90/0)s and (0/90)st panels subjected to a uniform
temperature rise. The panels rest on either the Winkler
foundation with (ki, k2) = (100, 0) or the Pasternak
foundation with (ki, k2) = (100, 5). As commonly shown,
the thermal post-buckling load-deflection curves of panels
increase when the foundation stiffness increases. Unlike in
the compressive post-buckling case (Shen and Xiang 2020)
where the post-buckling load-deflection curve is increased
as foundation stiffness increases, in the present example, the
panel exhibits a softer thermal post-buckling load-deflection
curve with the Pasternak elastic foundation support than
with the Winkler foundation or no foundation support when
the panel deflection is sufficiently large.

Fig. 6 shows thermal post-buckling load-deflection
curves for UD and FG-X (0/90/0/90/0)s and (0/90)st panels

subjected to a uniform temperature rise under two different
boundary conditions. It is observed that the CSCS panels
have higher thermal post-buckling load-deflection curves
than their SSSS counterparts due to the two clamped edges
provide stronger constraint than the two simply supported
edges.

5. Conclusions

In the present paper, we examine the thermal post-
buckling behaviors of FG-GRMMC laminated cylindrical
panels with in-plane NPR. The panels are subjected to a
uniform temperature rise and rest on an elastic foundation.
The physical and mathematical models for the GRMMC
laminated cylindrical panels under thermal loading
conditions have been proposed. The novelty of this study is
that it is the first study on the thermal post-buckling of
GRMMC laminated cylindrical panels, considering the
effect of the functionally graded configurations and the in-
plane NPR. The temperature-dependent material properties
of GRMMCs are estimated to obey a nonlinear function of
temperature according to the MD simulation results. The
results of numerical investigations show that the thermal
post-buckling strength of (0/90)sr auxetic GRMMC panels
can be enhanced as a result of the FG-X graphene
reinforcement pattern. The main new finding is that due to
the effect of in-plane NPR, the thermal post-buckling load-
deflection curves of 6-layer (0/90/0)s and (0/90)s1 GRMMC
panels of FG-X pattern are higher than those of 10-layer
(0/90/0/90/0)s and (0/90)sr GRMMC panels of FG-X
pattern.
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Appendix A

In Eq. (2), the thermal internal forces N7, M” and ST
can be calculated by

NIM{PIT v [As
AR f 4y | (1,2,2%)41dz (A.1a)
NIyMInyg =1 ke Axy k
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where AT =T —T, is the temperature increment with
regard to the reference temperature of T, (300 K) at which
the panel has no initial thermal stresses, and
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where a;; and a,, are the thermal expansion coefficients
of the kth ply, and the terms Qij may be written as
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inwhich E,;, E;,, Gy, Gi3, Gr3, V45 and vy, have their
usual meaning for the GRMMC layer.

Appendix B

The solutions of W, ¥, ¥, and F for the GRMMC
laminated cylindrical panel may be written as

x x
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In Eq. (B.1), the term Aglo) is expanded by Fourier sine

series in the y direction as

4
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]—,sm]y (B.5)

To this end, the boundary conditionw; =0aty=0, &

can be satisfied and A(l) remains a constant in the x

direction. In Egs. (B.1)- (B 4), all coefficients are related

and can be expressed in terms of Ag? ,

APe = W, — 0,W2 + (B.6)
where Wy, is the dimensionless form of the maximum
deflection of the panel and is given by
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Cs3 |[D11D3,41,45,]Y* h
in Eq. (B.7) as well as in Eq. (8), the reduced stiffness
matrices [43;], [B;;], [Dfj], [Ef]) [Fij] and [Hi;] (1, =1, 2,
6) are evaluated by

A*=Al B*=-A1B,D*=D - BAB,
(B.8)
E*=-A'E, F*=F - EA'B, H* = H -EA'E,

where the panel stiffnesses Aj;, etc., are given as follows
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Appendix C

In Eq. (16)
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All symbols used in the above equations may be found
in Shen (2017).





