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Abstract: New three-phase composite structures reinforced synergistically by nano-fillers and macro-
scopic fibers have great application potential. This paper presents a general framework for material
properties calculation and the free vibration analysis of three-phase composite shell structures. Based
on this methodological system, the free vibration characteristics of three types of nano-enhanced
functionally graded three-phase composite cylindrical shells are investigated. First, the equivalent
mechanical properties of these three three-phase composites were evaluated using the Halpin-Tsai
and Mori-Tanaka models. The governing equations for the cylindrical shells were derived based
on the first-order shear deformation theory (FSDT) and Hamilton’s principle. The equations were
discretized using Galerkin’s method and solved to obtain the natural frequencies and mode shapes.
The finite element simulation results and existing literature verified the accuracy and reliability of
the method in this paper. The synergistic effects of nano-reinforced fillers and macroscopic fibers on
the free vibrations of these structures were also analyzed. Among them, the natural frequency of the
three-phase composite cylindrical shells was the highest when graphene platelets (GPLs) were used
as the nano-reinforced fillers, which was 150.32% higher than that of fiber-reinforced epoxy composite
cylindrical shells. These studies provide theoretical guidance for the design and manufacture of such
symmetric or antisymmetric structures in the future.

Keywords: three-phase composites; material characteristics; free vibrations; cylindrical shell

1. Introduction

Composite materials have been called the shape of aerospace’s future. With the
increasing application of composite materials in the aerospace industry, certain limitations
have been exposed [1], the most troublesome of which is their inability to withstand
damage from lightning strikes [2]. The new three-phase composite materials reinforced
synergistically by nano-fillers and carbon fibers offer substantial benefits in dealing with
this conundrum [3,4]. In recent years, there has been a growing surge in research focusing
on the vibration characteristics of three-phase composite structures [5]. However, most
existing studies are fragmented, and there is an urgent need to develop a systematic and
general framework for the material properties calculation and vibration analysis of new
three-phase composite structures. A general framework could facilitate more effective
and coordinated efforts in this research field for the vibrations of three-phase composite
structures. In this paper, we take the new functionally graded (FG) three-phase composite
cylindrical shell as an example and attempt to solve some fundamental problems, including
the calculation of equivalent material parameters for three-phase composite materials,
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the establishment of a free vibration analysis model for three-phase composite structures,
and the solution of natural frequencies and mode shapes.

As we all know, the composite structure has excellent mechanical properties, and
it is widely used in aerospace, automotive, and defense fields [6]. The continuous fiber-
reinforced composite structure is one of the most common components in engineering.
To meet the material performance requirements of some special types of equipment and
reduce the problem of stress concentration in composite laminated materials, the concept
of FG composite materials has been proposed [7]. In recent years, researchers have in-
corporated nano-reinforced fillers into the matrix according to a certain FG distribution
to constitute FG nano-reinforced composite materials. Nano-reinforced fillers, such as
carbon nanotubes (CNTs), graphene platelets (GPLs), and their derivatives, with excellent
mechanical properties, are ideal reinforcements for the preparation of high-performance
FG nano-reinforced composite materials. However, the production of CNTs and GPLs is
difficult and expensive. There is a need to find some relatively affordable and easy-to-
manufacture graphene derivatives as an alternative. Graphene oxide platelets (GOPLs), the
derivative of graphene, are relatively easier and cheaper to manufacture as they are the base
materials for synthesizing graphene. Recently, related research on composite structures has
been a hot spot for structure vibration [8]. For the vibrations of the FG composite panel
and shell structures reinforced by CNTs or GPLs, there are several valuable studies [9], but
research on the vibrations of GOPL-reinforced composite structures is very limited.

Recently, the concept of three-phase composite materials has been proposed to further
improve the mechanical properties of two-phase composite materials. Firstly, the nano-
reinforced fillers are mixed with the matrix to form a hybrid matrix (HM), then the macro-
level fiber reinforcement is used to strengthen the HM to form a three-phase composite
material [10]. Compared to traditional two-phase composites, three-phase composite
materials have superior mechanical properties and richer comprehensive performance.
It is of great significance to reduce the weight of composite structures and improve the
vibration characteristics of these structures.

Several researchers have published some reports on the mechanical properties of three-
phase composite materials, but there are fewer reports on the vibrations of three-phase
composite structures, which are mainly focused on three-phase composite structures with
CNTs as the nano-reinforced fillers [11]. Ebrahimi et al. [12,13] calculated the effective
material properties of three-phase composite material, including the polymer, carbon
fibers, and CNTs, using the Halpin-Tsai model and analyzed the vibration characteristics
of these plates. Rezaiee-Pajand et al. Yousefi et al. [14] investigated the free vibrations
of a three-phase composite-truncated conical shell, in which the three-phase composite
material consisted of a polymer, CNTs, and carbon fibers, and the effective elastic properties
were calculated based on the Mori-Tanaka-Eshelby method and the Han homogenization
method. Sobhani et al. [15] calculated the equivalent mechanical properties of three-
phase composites composed of a carbon fiber/graphene/polymer matrix using the Halpin—
Tsai method and Mori-Tanaka scheme. Maleki et al. [16] investigated the free vibration
characteristics of three-phase composite conical shells. Nopour et al. [17] investigated the
vibration characteristics of three-phase composite thin-walled shell structures. By contrast,
the vibration characteristics of the three-phase composite structures associated with GPLs
or GOPLs receive much less attention, even though the cost of mass production of graphene
and its derivatives is much lower than that of CNTs [18-20]. At present, the comparison
study between the free vibration characteristics of the FG three-phase composite cylindrical
shell with CNTs, GOPLs, and GPLs has not yet been reported. Therefore, there is an urgent
need to develop a systematic and general framework for the material properties calculation
and vibration analysis of new three-phase composite structures.

In this paper, we propose a general framework to solve vibration fundamental prob-
lems for the material properties calculation and vibration analysis of three-phase composite
structures, as shown in Figure 1. We take new FG three-phase composite cylindrical shells
as an example to analyze their vibration characteristics. First, the material properties of
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three-phase composites are calculated using the Halpin-Tsai and Mori-Tanaka models
and the mixing rule. Then, the governing equations of the structures are given based
on the FSDT and the Hamilton principle. The Galerkin method is used to discretize the
governing equations, and the natural frequencies and mode shapes are obtained by solving
the characteristic equations. The accuracy and reliability of the computational method are
verified by comparing the results with the existing literature and finite elements. Finally, the
effects of different parameters on the natural frequency of three-phase composite structures
are investigated.

Material Properties Calculation Free Vibration Analysis

Matrix  Nano-reinforcement I f‘f‘f‘f”f’f’? 7777777 A — f{”ﬂ’l{ 77777777
Halpin-Tsai Fib Shear Deformation Theory Boundary Conditions
ibre
Hybrid Matrix Reinforcement Von-Karman Displacement Functions

of Three-phase Composites

Mori-Tanaka Hamilton Principle

Governing Natural Frequencies
Equations of Motion | and Mode Shapes

Material Properties

1
i
Galerkin Method
1
1
1

Material Validation of Solution Results

1
1
i
1
Parameters !
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i Free Vibrations
|

Verification and Analysis

Figure 1. A schematic diagram of the computational procedure for material properties and free
vibrations of the three-phase composite structure is given.

2. Determination of Material Properties

In this paper, epoxy resin is used as the polymer matrix with single-walled carbon
nanotubes (SWCNTs), graphene oxide platelets (GOPLs), and graphene platelets (GPLs)
as the three kinds of nano-reinforced fillers, and carbon fibers were selected for the macro
and reinforcement. The material property parameters of these materials are detailed
in Tables 1-3. It should be mentioned that all material characteristics are taken from the
literature. In this paper, a general framework for determining the equivalent material
properties of three-phase composites is given, as shown in Figure 1. The equivalent
material properties of the nanofiller-reinforced epoxy matrix were first determined using
the Halpin-Tsai method. Then, carbon fiber-reinforced HM forms a three-phase composite,
and the Mori-Tanaka model is used to determine the equivalent material properties of
the three-phase composite. Finally, the mixing law was used to determine the equivalent
density and the equivalent Poisson’s ratio.

Table 1. The material properties of epoxy polymer, SWCNT [21,22], GPL [15], and GOPL [23,24]
are given.

Material E.(GPa) Ve pe(kg/m3)
8551-7 epoxy polymer (matrix) 4.08 0.38 1272
Single-walled carbon nanotube
(SWCNT) 640 0.33 1350
Graphene platelets (GPL) 1010 0.186 1062.5

Graphene oxide platelet (GOPL) 444.8 0.165 1090
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Table 2. The geometrical properties of SWCNT [21,22], GPL [15], and GOPL [23,24] are given.

Material dswent(rm) Lswent(pum) tswent(pm)
Single-waltgcé\[ccag)?;\ nanotube 1.40 25.00 0.34
Material Lgpr (1m) Wepr (pm) hgpr (pm)
Graphene platelets (GPLs) 25 1.5 1.5
Material dgopr (nm) tcopr (nm)
Graphene oxide platelet (GOPL) 500 0.95

Table 3. The material properties of IM-7 carbon fiber [15,25] are given.

Material

E}(Gpa)

E% (Gpa) 1/}2 1/f13 G}z (Gpa) GJ%3 (Gpa) ps(kg/m?)

Carbon fiber

276.0

19.0 0.2 0.2 27.0 7.0 1780.0

2.1. Material Properties of Hybrid Matrix

In this paper, the different nano-reinforced fillers are distributed in the epoxy resin
matrix in FG forms, which constitute three kinds of different HMs. We considered five
kinds of FG forms, including FG-U, FG-V, FG-A, FG-X, and FG-O. The distributions of
nano-reinforced fillers in the direction of the shell thickness under the form of different FG
forms are shown in Figure 2, where the darker color indicates higher contents.

(a) FG-U

(b) FG-V

Figure 2. The model and coordinate system of functionally graded three-phase composite cylindrical
shells reinforced synergistically with nano-reinforced fillers and macroscopic fibers are given.

The equations for calculating the volume fraction of nano-reinforced fillers in each
layer under different FG forms [15] are shown as follows:

FG—U: Vy(Z) = VY, FG—V: Vy(Z) = Vﬁ,(u% )
FG—A:VN(Z):VI‘\),( —%), FG—X:VN(Z):VIQI(AL%‘), (1)
FG —0: Vot (Z) = 2V, (1- 2.
In Equation (1), Vn(Z) denotes the volume fraction of each layer of nano-reinforced

fillers along the thickness direction. & and Z denote the total thickness and the coordinate
values in the thickness direction, respectively. V) denotes the volume fraction of total
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nano-reinforced fillers to the total epoxy resin, which is related to the mass fraction and
density of the nano-reinforced fillers as well as the density of the substrate, as shown in the
following equation:
WO
VN =% N
WN+pN(1 _WN)/pe

In Equation (2), p. denotes the density of the epoxy matrix. WY, and py denote the
mass fraction and density of the nano-reinforced filler, respectively.

The formulas for calculating the equivalent material properties of SWCNTs or
GPL-reinforced epoxy resin composites can be found in references [15,21], which are not
introduced in detail due to space limitations. This paper only lists the calculation pro-
cess for the equivalent material properties of the HM composed of the GOPL-reinforced
epoxy resin. The specific parameters are listed in Tables 1 and 2 [21-24]. Halpin-Tsai
micromechanics is a semi-empirical method that enables the properties of composites to be
expressed in terms of the material properties of the matrix and reinforcing phases, as well as
their occupancy and geometry [23]. The equivalent elastic modulus of the HM is calculated
using the Halpin—Tsai micromechanics rule [24,26], as shown in the following equation:

1+¢1mVn(2) 1+ ComVn(Z)
1-mVn(Z) 1-mVn(Z)

where Young’s modulus of the HM is denoted as Epj;, and Young’s modulus of the
epoxy resin is denoted as E,. The parameters 71, #j2, {1 and &, can be expressed by the
following equations:

(2)

Epa = 0.49 x x E, 4+ 0.51 x x E,. 3)

= (EgopL/Ee) —1 = (EopL/Ee) —1 =y = 2dcopr. @
(EcopL/Ee) + &1’ (EcorL/Ee) +& tcorr

In the above equations, the elastic modulus of GOPL is denoted as Egpopr, and the
geometry of GOPL is denoted by dgopr and tgopr. Poisson’s ratio and the density of the
HM consisting of each layer of the GOPL-reinforced epoxy can be calculated from the
mixing rule as follows:

vam(Z) = vGorLVN(Z) +veVe(Z), pum(Z) = pcorLVN(Z) + peVe(Z). 5)

where vgopr and pgopr, denote Poisson’s ratio and density, respectively.

Then, we obtained the variation in elastic modulus along the thickness direction of
the HM composed of SWCNTs, GOPLs, and GPL-reinforced epoxy resins under these
five kinds of FG forms, respectively, as shown in Figure 3. We found that the trend of the
elastic modulus of the HM along the thickness direction was consistent with three kinds
of nano-reinforced fillers. Taking the HM composed of the GPL-reinforced epoxy resin as
an example, Young’s modulus does not change with the change in the thickness direction
coordinate in the FG-U form because the GPLs are uniformly distributed in the epoxy resin
matrix. Young’s modulus under the FG-V form increases significantly with the thickness
direction coordinate because the mass fraction of GPLs under the FG-V form increases
closer to the top layer of the shell, which leads to a gradual increase in the stiffness from
the bottom to the top layer of the HM. The FG-A form is the opposite of the FG-V form.
Young’s modulus under the FG-X form increases and then decreases with the coordinates
in the thickness direction. The reason for this is that the mass fraction of GPLs under the
FG-X form is largest at the top and bottom layers of the shell and smallest at the mid-plane
layer of the shell. This leads to a decrease and then an increase in the stiffness value when
gonig from the bottom layer to the mid-plane layer and then to the top layer. The FG-O
form as opposed to the FG-X form. However, Young’s modulus of the HM reinforced by
GPLs is the largest at various FG forms, Young’s modulus of the HM reinforced by GOPLs
is second, and Young’s modulus of the HM reinforced by SWCNTs is the smallest.
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Figure 3. The changes in the equivalent elastic modulus of the hybrid matrix along the thickness
direction corresponding to different distribution forms are given. (a) Epoxy-SWCNTs’ functional
gradient composites. (b) Epoxy-GOPLs’ functional gradient composites. (¢) Epoxy-GPLs’ functional

gradient composites.

2.2. Material Properties of Three-Phase Composites

In the previous subsection, the equivalent material properties of the three kinds
of HM in each layer were calculated, respectively. The addition of macroscopic carbon
fiber reinforcement into the HM can constitute a three-phase composite material, and the
equivalent material properties of this three-phase composite material are calculated in
this subsection according to the Mori-Tanaka method, where the Mori-Tanaka method is
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expressed using the average behavior of the matrix and fiber materials. The longitudinal
modulus and transverse modulus of elasticity of the carbon fiber are defined as E} and

Ej%, the in-plane shear modulus and external shear modulus are denoted as G}z and G}3,
2

Poisson’s ratio is denoted as v} and density is denoted as py, respectively. The carbon fiber

reinforcement is considered to be transversely isotropic with the properties of 1/}2 = U}3 and
EJ% = Ej%. The material property parameters of carbon fiber are detailed in Table 3 [15,26].
The Mori-Tanaka method proposes a scheme based on an elastic homogenization method
using the average behavior of the matrix and fiber materials [15]. The specific equations for
calculating the equivalent material properties of three-phase composite materials composed
of the carbon fibers and the hybrid matrix from the Mori-Tanaka method [15,27] are
as follows:

Elsp = ViE}+ (1= Vp) Enm+2V5 (1 Vy) Za (v - VHM>2, ©)

Eelff/ (1 - (VHM)2>

Ejer= , @)
E! E2 El 1_y2
ef 23 . 1+ 2
T T2V (1 P =g (1 +VHM)) + szlﬁ( Fa BT E;f*)
Z 2
Velef =vgm + 2Vf Ernt (U}z - VHM) (1 - (VHM) ), (8)
Eum G}z B
12 _ ~13 __ _ _ J
Gefy = Ger = 5 AT 14 Vy—4Vp |14 Vp4+2(1-Vf) Ern (1+ I/HM):| , )
Enm
Gty = —. (10)

1_Vf 1
_ 7+ Erm
8 8(VHM) c23 72(1+VHM)
f

2(1 + VHM) + Vf

In Equations (6)—(10), Ee1 £ ng % velj%f, Geljg £ and G?; f denote the longitudinal equivalent
modulus of elasticity, the transverse equivalent modulus of elasticity, longitudinal Poisson’s
ratio, in-plane equivalent shear modulus, and out-of-plane equivalent shear modulus,
respectively. Vy denotes the volume fraction of the carbon fibers. The expressions for Z;
and Z; are shown as follows:

-1

(Vfu)z 1-v®  (1+vam) (1 + V(1 - 2VHM)>
7= -2(1-v) et (1-v) B o , (1)
7y = E} (3 + V- 41/HM) (1+ vim) + (1 - vf) Erium (1 + u}3). (12)

The equivalent density (p.fs) of three-phase composite materials composed of the
carbon fibers and hybrid matrix can be calculated according to the mixing rule using the
following equation:

Peff = PfVs +paMVEM- (13)

Three-phase composite materials have more excellent material properties compared
with traditional two-phase symmetric/antisymmetric laminated composite materials or
FG composite materials. Figure 4 shows the equivalent material properties of four different
composite materials with different volume fractions of carbon fiber. These four compos-
ite materials include carbon fiber-reinforced epoxy resin composite laminated material
and three kinds of three-phase composite materials with SWCNTs, GOPLs, and GPLs as
nano-reinforced fillers, respectively. Three-phase composite materials have a mass fraction
of nano-reinforced fillers of 1%; the FG-U distribution in the epoxy resin matrix forms the
HM, the antisymmetric layup angle of the carbon fibers is [0, /90, /0, /90,], and the volume
fraction is 0.10. Overall, the equivalent material properties of these four kinds of composite
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materials are significantly increased with the increase in the volume fraction of the carbon
fibers. Carbon fiber-reinforced epoxy-laminated composite materials have the smallest
equivalent Young’s modulus and equivalent shear modulus, followed by the three-phase
composite materials with SWCNTs as nano-reinforced fillers, while the three-phase com-
posite materials with GPLs as nano-reinforced fillers have the largest equivalent Young’s
modulus and equivalent shear modulus.

o Epoxy-CF . - = Epoxy-CF
— Epoxy-CF-SWCNTs . — Epoxy-CF-SWCNTs
--=- Epoxy-CF-GOPLs 20 ---- Epoxy-CF-GOPLs
140F Epoxy-CF-GPLs
- 16}
<
= ~
O 100 g
= c
x Sl
an
60 F
8 -
20F
0.1 0.2 03 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Vef Vef
(a) (b)
- = Epoxy-CF
- - Epoxy-CF
e __ EEOX));-CF-SWCNTS 7 — Epoxy-CF-SWCNTs
—---- Epoxy-CF-GOPLs === Epoxy-CF-GOPLs
10} - Epoxy-CE-GPLs 6k Epoxy-CF-GPLs
0
2 8F ~ 5t
&® 3
S e
i
Q6 4t
&}
4F 3F
2f 2r
0.1 0.2 03 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Vet Vef
(0) (d)

Figure 4. The change curves of equivalent material properties for three-phase composite materials
with a carbon fiber volume fraction are shown. (a) Longitudinal elastic modulus (E1). (b) Transverse
elastic modulus (E2). (c) In-plane shear modulus (G12). (d) Out-of-plane shear modulus (G23).

3. Governing Equations and Solution Procedure

The three-phase composite materials are made by adding nano-reinforced fillers
to the traditional two-phase symmetric/antisymmetric-laminated composite materials.
Compared with the traditional two-phase composite materials, the three-phase composite
materials have higher stiffness and better comprehensive mechanical properties, which can
be used to reduce the weight of the cylindrical shell structures as well as to improve their
vibration characteristics. The model of three-phase composite cylindrical shells reinforced
synergistically by nano-reinforced fillers and carbon fibers is shown in Figure 2. The
column coordinate system is established in the mid-plane of the cylindrical shell, where
x, 0 and z denote the axial direction, circumferential direction, and radial direction of the
cylindrical shell, respectively. u, v, and w denote the displacement of any point on the
cylindrical shell in the axial, circumferential, and radial directions. The axial length, radius,
and thickness of the cylindrical shell are denoted by L, R and /, respectively. If there is
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no further specification, the geometrical parameters of the cylindrical shell are taken as
L=200m,R=1.00mand#% = 0.05m.

Based on the first-order shear theory and Hamilton principle, The derivation of the
governing equations for cylindrical shells refers to the classical literature [18,28].

The first-order shear deformation theory is shown as follows:

u(x,0,z,t) = up(x,0,t) +zx(x,6,t), (14)
v(x,0,z,t) = v(x,0,t) +zpe(x,6,t), (15)
w(x,0,z,1) = wy(x,0,1). (16)

In Equations (14)—(16), ug, vy, and wy denote the displacements. Furthermore, ¢y
denotes the mid-surface transverse rotation around the 0 axis. ¢g denotes the normal
rotation of the mid-surface around the x axis. The Von Karman strain—displacement
relationship is shown as follows:

Exx g(a)cx E}cx
0 1
o0 S%e oo
_ 1
Tx6 ¢ = ')’369 +z %ie ’ (17)
Yxz ’)/gz ’)’icz
Yoz Yoz Yoz
where 5 ;
0 oug 1 Px
‘Sécx o Jx » ‘C'lxx aax
0 4 Wo 0
°ge T S O Bl O
- 0 0 _ ’
Tyo (= o6 +8W "\ T (= s+ (18)
’)/[J)CZ ¢x + % ’yicz 0
Jdwg %)
79z q)e + RO R 'Yez 0

In Equations (17) and (18), exy and egg are the principal strains and y,g, Yxz and yxo
are the tangential strains. The relationship of strains and stresses is expressed as follows:

Oxx k 911 912 ¢ Exx
Too Qpn Q»n €00
Teg ¢ = Qe6 Yx0 (- (19)
Txz Qu o Yz
Toz Qss Yoz

In Equation (19), the number of located layers is denoted by k. The layup angle of the
carbon fibers in each layer in the FG three-phase composite cylindrical shell is denoted
by 6. And Qij(i, j=1,2,3,4,5,6) denotes the conversion stiffness coefficient as follows:

Q11 = Qi1 cos* 0 +2(Q12 +2Qes) sin? 6 cos? 6 4 Qo sin* 6, (20)
Qo = (Q11 + Q22 —4Qs6) sin? 6 cos® 0 + Q1 (sin4 6 + cos* 9) , (21)
Q= Q1 sin* 6 + 2(Q12 +2Q¢6) sin? @ cos?  + Qp cos* 6, (22)

Q16 = (Q11 — Q12 — 2Qe6) 5in 6 cos® 6 + (Q12 — Q22 + 2Qe6) cos O sin’ 6, (23)
Qa6 = (Q11 — Q12 — 2Qe6) cos Osin® 0 + (Q12 — Qa2 +2Qe6) sin O cos’ 6, (24)

Qee = (Q11 4+ Q2 — 2Q12 — 2Q4¢6) sin? 6 cos? 6 + Qg (sin4 0 + cos* 9), (25)

Q44 = Qss5in” 0 + Quq cos” 6, (26)
@55 = Qu sin? 0 + Qss5 cos? 0. (27)
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where
Eers VerrEess Ects
e
Qu = ﬁrQlZ = IW/QH = m/ (28)
VerfVeff Ve fVeff VeffVeff
Qu = G}, Qs5 = G,7r, Qes = G- (29)
The equations for the membrane stress and membrane moment are shown as follows:
Nix A A Ag) (€ Bii Biz Bis) [ €hx
Noo p = A1z Apm Az p g ¢ +< Bia By By o4 €bg o, (30)
Nyo Ae Az Aess) |7 Bis B Bes) \7lg
My Bii Bz Bis) €% D11 D1 Dig) €k
Meo p =< Bia Bxm By pQ €% ¢+ D12 Dxn Do p{ €bg ¢ (31)
Mo Bis B Bes) 7% Dis Dy Des) |7l
Qe} {A44 A45} {’Y }
—K & 32
{Qx Ags Ass | 7% (52)

In the above equations, the shear correction factor K = 6 Ajj, Bij, Dijand I;(i = 0,1,2)
denotes the extensional stiffness, extensional-bending stiffness, bending stlffness and mass
moment of inertia, respectively, as shown in the following equations:

(Aij, Bij, Djj) = / Ql](l z, z dz = Z / h Q] 1 2,22) dz, (33)

h

I — /fh Zippgsdz(1 = 0,1,2). (34)
-2

In Equations (33) and (34), i denotes the total thickness of the shell, N denotes the

total number of layers in the shell, [Qij] ®) denotes the stiffness term of the k layer, and z
denotes the coordinate value along the thickness direction.
The extended Hamilton principle can be expressed as follows:

t
/tl(éT—«SU—HSW)dt — 0, (35)
2

In Equation (35), 6U, 8T and 6W denote the virtual strain energy, the virtual kinetic
energy, and the virtual potential energy performed by the external force of the system,
respectively. In this paper, no external force is involved in the study of the free vibration
characteristics of the cylindrical shell, so 6W is 0. The specific expressions for U, 6T and
dW are shown as follows:

5T = / o (i1t + V8V + o)AV, (36)

\%4
SU = /V((Txx5€xx + 00000 + Ux00€xp + Uxz08xz + Up20¢02)dV, (37)
SW = 0. (39)

Substituting Equations (36)-(38) into Equation (35) yields the governing equations of
the cylindrical shell as follows:

O — Liig + Lp,, (39)

x0,
R

N
%00 190 _ piig + Lo, (40)

d1p : Nyg,x +
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Ngg Qoo _ , -
dwo : —— R = lowo, (41)
5 - Muxx + "R“ ~Qx = hLiig + b¢,, (42)
d¢po : Myo,x + ?{9'6 — Qo = hvo + L¢g. (43)

Then, we introduce the derivation of the solving procedure for solving the free vibra-
tions of the FG three-phase composite cylindrical shell. Membrane stresses and bending
moments at the boundary of the cylindrical shell are denoted by N and Q, respectively.
Nyx and N, denote the membrane stresses along the x-axis and the membrane stresses
along the 0-axis, respectively. Qy denotes the membrane stresses along the z-axis. My
and Mg denote the bending moments for the torsion around the 0-axis and the bending
moments for the torsion around the x-axis, respectively. The constraint equations for the
FG three-phase composite cylindrical shell with free boundary conditions at both ends are
shown as follows:

Atx=0:

Nyx = Nyg = Qx =0, Myx = Myo =0, (44)

Atx=L:
Nyx = Nyg = Qx =0, Myx = Myg =0. (45)

The assumption of the displacement function of the FG three-phase composite cylin-
drical shell is made using the modified Fourier cosine series method [29]. This method
takes the form of a superposition of the Fourier cosine series, and the complementary
functions are shown as follows:

N 2 N
u(x,0,t) = U(x et — {Z Z Uypn €08 Ay x cos(n6) + Z Z 11,1 (x) cos( n@)} wt o (46)
m=0n=0 1=1n=0
) M N 2 N ]
v(x,0,t) = V(x,0)e" = [Z Y Viuncos Ayxsin(n6) + Y Y- blngl(x)sin(ne)} e, (47)
m=0n=0 I=1n=0
, M N 2 N .
w(x, 0,t) = W(x, 0)e™ = {2 Y Wi cos Apxcos(n8) + Y Y c1,(x) cos(ne)} e, (48)
m=0n=0 1=1n=0
M N 2 N ‘
Px(x,0,1) = Py (x, 0)e™t = {Z Z Pmn €COS Ay x cos(n) + Z Z d1,0 (%) cos(ne)} et (49)
m=0n=0 I=1n=0

2

N
po(x,0,t) = Po(x, 0)e fwt [Z Z Pomn €08 Ay x sin(no) Z Z €101 (x) sin( ne)] wt - (50)

m=0n=0 =

In Equations (46)-(50), M and N denote the number of truncation terms, both of which
are non-negative integers. A, = mr/L, where m denotes the number of axial waves,
n denotes the number of circumferential waves, and w denotes the circular frequency
of the FG three-phase composite cylindrical shell. Uy, Vinn, Winn, $xmn and o, are
generalized coordinates and also Fourier expansion coefficients. ay,, by, c1n, din, and ey, are
the coefficients of the corresponding augmentation functions, which can determine the type
of boundary conditions. It must be ensured that the above coefficients can be derived. The
complementary function is denoted by g;(x)(I = 1,2), and the complementary function is
to eliminate the discontinuities of the displacement function and its derivatives, as well
as to enhance the convergence of the expansion series. Based on the first-order shear
deformation theory, the displacement function needs to be at least twice differentiable and
continuous, so the augmentation function should be assumed as a third-degree polynomial.
In this paper, the selected additive function is shown as follows:

2

a0 =x(¥ 1)o@ =S (X 1), 61)
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The boundary condition equations represent the relationship between the two-dimensional
generalized coordinates Ui, Viun, Wiin, Yxmn, Pomn and the complementary function coeffi-
cients ay,, by, Cin, din, e1n (I = 1, 2). Since the number of complementary function coefficients
is the same as that of the boundary equation, complementary function coefficients can be
expressed in two-dimensional generalized coordinates, which can be written in the form of

the following matrix:
Y = PX, (52)

Here, P is the coefficient matrix,
T
Y={ay,...,an, bo,....bn, Co,....cn, do,...,dn, € ,...,en}, (53)

T
X - { uT/ VT/ WTI (pr/ (PGT} 4 (54)

The control equations of motion are obtained by substituting Equations (46)—(50)
and (51) into Equations (39)—(43). There are a total number of Fourier cosine coefficients,
and the control equations are truncated using the Galerkin method. The truncated algebraic
equations are expressed in the matrix form as follows:

SX+ QY+ FX+ GY =0. (55)
where S, Q, F, and G are coefficient matrices. Substituting Equation (52) into Equation (55)
yields the following:
(M+K)X=0, (56)
where
M=S+PQ,K=F+PG. (57)

Equation (56) is the standard characteristic equation, and the relevant numerical
solutions for the natural frequencies and mode shapes of the FG three-phase composite
cylindrical shell can be obtained by solving the eigenvalues and eigenvectors of this
characteristic equation.

4. Method Verification

This section focuses on verifying the convergence and accuracy of the computational
method in this paper. We investigate the law of the natural frequencies as the cylindrical
shell converges gradually with the increase in the truncation number M and N, and we
also verify the convergence of the natural frequency of FG composite cylindrical shells with
the increase in the total number of layers. Then, the accuracy of the calculation method for
the vibrations of the cylindrical shell is verified by comparing the results of this paper with
the finite elements and the reference [30]. Moreover, the comparisons of the free vibrations
of FG three-phase composite cylindrical shells with the finite element results are conducted,
which further verifies the reliability of the computational method for calculating the free
vibrations of FG three-phase composite cylindrical shells.

Firstly, the law of gradual convergence of the natural frequencies of the cylindrical
shell with the increase in the truncation number is investigated. The geometrical parameters
of the cylindrical shell are L = 0.502 m, R = 0.0635 m, and / = 0.00163 m. The material
property parameters are p = 7800 kg/m?>, u = 0.28 and E = 2.1E + 11N. We considered
the free boundary conditions at both ends. The comparison of the calculated results of
the natural frequencies of the cylindrical shell with the finite element results for different
truncation numbers (M, N) is shown in Table 4. We found that the natural frequencies of
the cylindrical shell appeared to increase and gradually converge with the gradual increase
in the number of cutoffs. When the truncation number was taken as M = 14 and N = 14,
the difference between the natural frequencies of the cylindrical shell calculated by this
method and the finite element calculation result was not more than 3.02%. It verified that
the calculation method in this paper has good convergence and good accuracy with the
increase in truncation number.
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Table 4. The comparison and errors of the calculated results of the natural frequencies of the
cylindrical shell with the finite element results for different truncation numbers given. (L = 0.502 m;
R =0.0635m; h = 0.00163 m; p0 = 7800 kg/m3; v = 0.28; E = 2.1E + 11 N/m?).

Present

M-6N=6 M<=8N=8 M<-10N-10 M-12N=12 M-14Nco14  ~D2qus Error
1 241.69 257.63 264.51 268.28 268.40 269.71 0.49%
2 267.45 267.85 268.11 268.37 270.90 277.03 221%
3 732.87 746.17 752.73 756.70 757.68 765.24 0.99%
4 735.20 749.97 754.79 756.97 760.75 774.68 1.80%
5 805.23 846.54 879.88 900.95 913.82 942.32 3.02%
6 959.65 984.99 1000.04 1008.62 1013.57 1020.10 0.64%

Secondly, the relationship between the rate of change in the natural frequencies and
the number of layers of the FG cylindrical shell structure is investigated. The geometrical
parameters of the FG cylindrical shell used for this study were L = 2.00 m, R = 1.00 m,
and & = 0.05 m. The free boundary conditions at both ends were considered. Epoxy resin
was selected as the matrix, GPLs were the nano-reinforced fillers, and the mass fraction of
GPLs was 1.00%. The GPLs were distributed in the epoxy resin collectively in the FG-X
form. The natural frequencies of the FG cylindrical shell were calculated when the total
number of layers was 8, 10, 12, 14, 16, and 18, respectively. The rates of change in natural
frequencies versus the number of layers were obtained after data processing, as shown in
Figure 5. We found that the rates of change in natural frequencies of FG GPL-reinforced
composite cylindrical shells decreased significantly with the increase in the total number
of layers. When the total number of layers was 16, the variations in the first six orders of
natural frequencies were all below 0.41%. Therefore, we considered the total number of
layers as 16 to meet the realistic substitution of continuous FG composite materials and for
the natural frequencies to converge. In the following studies in this paper, the total number
of layers of FG composite cylindrical shells is taken as 16 unless otherwise stated.
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Figure 5. The rates of change for natural frequencies of functionally graded three-phase composite
cylindrical shells with the number of layers are shown.
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The accuracy of the calculation method of this paper is verified by comparing the
results of this method with finite elements and the reference [30]. In Table 5, the natural
frequencies and mode shapes of the cylindrical shells calculated in this paper are in good
agreement with the finite element results and the results of the existing reference. The
differences between the results of the cylindrical shell natural frequency calculations in this
paper and those in the existing literature are not more than 0.35%. It is verified that the
calculation method of this paper has good accuracy.

Table 5. Comparison of theoretical results on the natural frequencies and mode shapes of cylin-
drical shells under the free boundary conditions at both ends with finite element results and an
existing reference is shown. (L = 0.502 m; R = 0.0635 m; k = 0.00163 m; p0 = 7800 kg/m3; v =0.28;
E=21E + 11 N/m?).

Mode No.
C-C
(m=1,n=1) @W=1,n=2) mM=1,n=3) @M=2,n=1) @@M=2n=2) @mM=2n=3)
Present
Abaqus
Present 2479.31 268.49 758.30 4830.79 272.67 770.67
Abaqus 2481.30 269.71 765.24 4852.30 277.03 774.68
Dai [30] 2479.30 269.30 761.01 4840.40 276.51 770.66

Moreover, the natural frequencies and mode shapes of the FG three-phase composite
cylindrical shells with SWCNTs as nano-reinforced fillers were investigated under the free
boundary conditions at both ends and the calculation results were compared with the
finite element results. The total mass fraction of SWCNTs was 1.00%, and the SWCNTs
were distributed in the epoxy matrix to form the HM with the FG-X form. Carbon fibers
were distributed in the antisymmetric form of [0,/90, /0, /90,] layup angles in the HM,
and the volume fraction of carbon fibers was 0.1. The geometrical parameters of the FG
three-phase composite cylindrical shell were L = 2.00m, R = 1.00 m, & = 0.05 m. The
comparison of the calculation results of the natural frequencies and mode shapes of the FG
three-phase composite cylindrical shell with the finite element (Abaqus) results is shown in
Table 6. The first six orders of natural frequencies and mode shapes of the FG three-phase
composite cylindrical shells are in good agreement with the finite element results. The
differences between the calculation results and the finite element results for the natural
frequencies of the cylindrical shell are not more than 1.10%, except for the second order
of frequency. In particular, for the first-order natural frequency, the difference was 0.00%
when two decimals were retained. Here, m denotes the number of axial half-waves, and
n denotes the number of circumferential waves of the vibration modes of the cylindrical
shell. Based on the calculation method in this paper, the mode shapes corresponding to the
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first six orders of natural frequencies are the first-order (m = 1, n = 2), second-order (m = 2,
n = 2), third-order (m = 1, n = 3), fourth-order (m = 2, n = 3), fifth-order (m =1, n = 4), and
sixth-order (m =2, n =4). The first six orders of natural frequencies and mode shapes
of the FG three-phase composite cylindrical shells are in good agreement with the finite
element results.

Table 6. Comparison of theoretical results on the natural frequencies and mode shapes of the
functionally graded three-phase cylindrical shells with SWCNTs as nano-reinforced fillers under the
free boundary conditions with finite element results is shown. (L =2 m; R =1 m; h = 0.05 m; FG-X;
Wswenrt = 1%; Ve = 0.1).

Mode No.
C-C
1 2 3 4 5 6

Present ’ | \ ~ ‘ i /
Abaqus
Present 24.39 29.02 68.56 74.54 130.47 136.99
Abaqus 24.39 27.35 68.56 73.73 130.50 136.58

Error 0.00% 6.11% 0.00% 1.10% 0.02% 0.30%

5. Vibration Characteristics Analysis

In this section, we study the synergistic effects of macroscopic fiber reinforcements and
nano-reinforcements on the natural frequencies of FG three-phase composite cylindrical
shells. We chose three different nano-reinforced fillers, namely SWCNTs, GOPLs, and
GPLs, and the carbon fiber was selected as the macroscopic-level fiber reinforcement.
When studying the influential factor of nano-reinforcements, the effects of the type of
nano-reinforced fillers, the content of nano-reinforced fillers, and the different FG forms
on the natural frequencies of the FG three-phase composite cylindrical shells are mainly
investigated. If the carbon fiber-related parameters are taken as variables, the effects of
the content of carbon fibers and the layup angle on the natural frequencies of the FG
three-phase composite cylindrical shells are studied. Without any special explanation, we
considered the free boundary conditions at both ends, and the geometrical parameters were
taken as L = 2.00 m, R = 1.00 m, and & = 0.05 m. The material property parameters of the
epoxy resin matrix, nano-reinforced fillers, and carbon fiber are detailed in Tables 1-3.

5.1. Effects of Nano-Reinforced Fillers

Firstly, we studied the effects of different kinds of nano-reinforced fillers on the natural
frequencies of the FG three-phase composite cylindrical shells. The nano-reinforced fillers
are uniformly distributed in the epoxy resin reinforced by carbon fibers. In the subsequent
calculations, the mass fraction of the nano-reinforced fillers was taken as 1.00%, if not
otherwise specified. The antisymmetric layup angle of carbon fiber was [0,/90,/0,/90,],
and the content (Vcf) was 0.10. Four kinds of composite materials were selected as the
independent variables, three kinds of which were the FG three-phase composite materials
with SWCNTs, GOPLs, and GPLs as the nano-reinforced fillers, respectively, and one of
which was the carbon fibers reinforced two-phase composite laminated material. The
natural frequencies of cylindrical shells corresponding to these four kinds of composite
materials are calculated. The results are shown in Figure 6.
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Figure 6. The natural frequencies of functionally graded three-phase composite cylindrical shells
corresponding to different kinds of nano-reinforced fillers.

In Figure 6, it can be seen that carbon fibers reinforced with two-phase composite-
laminated cylindrical shells had the smallest natural frequencies in the first six orders of
vibrations, of which the first three orders are 21.70 Hz, 24.19 Hz, and 60.94 Hz, respectively.
For the FG three-phase composite cylindrical shells, we found that the first six orders
of natural frequencies of the cylindrical shells with GPLs as nano-reinforced fillers were
relatively high, whereas the first three orders of natural frequencies were 29.43 Hz, 37.01 Hz,
and 82.90 Hz, respectively; on the contrary, the first six orders of natural frequencies of the
cylindrical shells with GOPLs as nano-reinforced fillers took second place, where the first
three orders of natural frequencies were 23.46 Hz, 27.36 Hz, and 65.36 Hz, respectively. The
first three orders of natural frequencies of the FG three-phase composite cylindrical shells
with GPLs as nano-reinforcements were 35.62%, 53.00%, and 36.04% higher than those of
carbon fiber-reinforced epoxy composite cylindrical shells, respectively. The reason for this
phenomenon may be that the overall stiffness of the material increases, and the natural
frequency of the cylindrical shell increases after the addition of nano-reinforced fillers to
the carbon fiber-reinforced two-phase composite material.

Secondly, the effects of the content of nano-reinforced fillers on the natural frequencies
of the FG three-phase composite cylindrical shells were investigated considering three kinds
of nano-reinforced fillers, namely, SWCNTs, GOPLs, and GPLs, respectively. The nano-
reinforced fillers were uniformly distributed into the epoxy resin reinforced by the carbon
fibers. The mass fraction of nano-reinforced fillers took the range of 0.00-5.00%. The mass
fraction of nano-reinforced fillers was used as the independent variable, and the natural
frequencies of FG three-phase composite cylindrical shells were calculated corresponding
to three kinds of nano-reinforced fillers, respectively. The relationship curves between
the content of nano-reinforced fillers and the natural frequencies of the FG three-phase
composite cylindrical shells with different nano-reinforced fillers are plotted in Figure 7.
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Figure 7. The change curves of natural frequencies of functionally graded three-phase compos-
ite cylindrical shells with the increase in the mass fraction of nano-reinforced fillers are shown.
(a) First-order natural frequencies. (b) Second-order natural frequencies. (c) Third-order natural
frequencies. (d) Fourth-order natural frequencies. (e) Fifth-order natural frequencies. (f) Sixth-order

natural frequencies.

Figure 7a represents the curves of first-order natural frequencies versus the mass
fraction of nano-reinforced fillers. The first-order natural frequencies of the FG three-
phase composite cylindrical shells all increased significantly with the increase in the mass
fraction of nano-reinforced fillers. Among them, the first-order natural frequency of FG
three-phase composite cylindrical shells was relatively high when GPLs were used as the
nano-reinforced fillers; GOPLs followed this, and minimum corresponded to SWCNTs.
When the mass fraction of GPLs increased from 0.00% to 5.00%, the natural frequency of the
FG three-phase composite cylindrical shell increased from 21.70 Hz to 45.43 Hz, an increase
of 109.35%. When SWCNTs” mass fraction was increased from 0.00% to 5.00%, the natural
frequency of the FG three-phase composite cylindrical shell increased from 21.70 Hz to
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28.96 Hz, with an increase of 33.46%. It was found that, for the FG three-phase composite
cylindrical shells, the first-order natural frequency at only 1.00% of GPLs was already
higher than the natural frequency at 5.00% of SWCNTs. The first-order natural frequency
of the FG three-phase composite cylindrical shell was 56.87% higher at 5.00% of GPLs than
at 5.00% of SWCNTs. It can be seen that GPLs, as the nano-reinforced fillers, enhanced the
composite materials much better than SWCNTs. In Figure 7b—f, we found that the rest of the
five orders of natural frequencies followed a similar pattern. Overall, the first six orders of
natural frequencies of the FG three-phase composite cylindrical shell increased significantly
with the increase om the mass fraction of the nano-reinforced fillers, and each order natural
frequency was relatively high when GPLs were used as the nano-reinforced fillers.

Finally, we also studied the influences of the FG forms of nano-reinforced fillers on
the natural frequencies of the FG three-phase composite cylindrical shells. The volume
fraction of carbon fibers was 0.10, and the antisymmetric layup angle was [0,/90,/0,/90,].
The mass fraction of nano-reinforced fillers was 1.00%. The FG form of nano-reinforced
fillers was selected as the independent variable. We calculated the first six orders of natural
frequencies of the FG three-phase composite cylindrical shells under the distribution
of three kinds of nano-reinforced fillers in the form of FG-O, FG-V, FG-A, and FG-X,
respectively. The column figures of the first six orders of natural frequencies of FG three-
phase composite cylindrical shells with different FG forms under different nano-reinforced
fillers are shown in Figure 8.
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Figure 8. The natural frequencies of four kinds of FG three-phase composite cylindrical shells
correspond to three kinds of nano-reinforced fillers. (a) FG-X three-phase composite cylindrical shells.
(b) FG-A three-phase composite cylindrical shells. (¢) FG-V three-phase composite cylindrical shells.
(d) FG-O three-phase composite cylindrical shells.

Figure 8a represents the first six orders of natural frequencies for the FG three three-
phase composite cylindrical shells under the FG-X form. The first six orders of natural
frequencies of the three-phase composite cylindrical shells with GPLs as the nano-reinforced
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fillers were higher, of which the first three orders of natural frequencies are 54.32 Hz,
7745 Hz, and 153.06 Hz, respectively, and the first six orders of natural frequencies of
FG three-phase composite cylindrical shells with GOPLs as the nano-reinforced fillers
followed. When SWCNTs were used as the nano-reinforced fillers, the first six orders of
natural frequencies of the FG three-phase composite cylindrical shells were low, while
the first three orders of the natural frequencies were 32.20 Hz, 42.28 Hz, and 90.66 Hz,
respectively. The first three orders of natural frequencies of the FG three-phase composite
cylindrical shells with GPLs as the nano-reinforced fillers were higher than that of the
FG three-phase composite cylindrical shells with SWCNTs of 68.70%, 83.18%, and 68.83%,
respectively. A similar pattern was observed for the first six orders of natural frequencies
of the FG three-phase composite cylindrical shells in the forms of FG-A, FG-V, and FG-O
in Figure 8b—d. It was found that the natural frequencies of the FG three-phase composite
cylindrical shells were highest when GPLs were used as nano-reinforced fillers for different
FG forms.

5.2. Effects of Macroscopic Fiber Reinforcements

We studied the effect of the content of carbon fibers on the natural frequencies of FG
three-phase composite cylindrical shells when SWCNTs, GOPLs, and GPLs were used
as nano-reinforced fillers, respectively. The mass fraction of the nano-reinforced fillers
was 1.00%, which was distributed in the form of FG-X in the epoxy resin matrix to form
a hybrid matrix. The antisymmetric layup angle of carbon fibers was [0,/90,/0,/90,],
and the volume fraction of carbon fiber (Vcf) took the value range of 0.10-0.60 and was
used as the independent variable. The natural frequencies of the FG three-phase composite
cylindrical shells with different carbon fiber volume fractions were calculated for the three
nano-reinforced fillers, SWCNTs, GOPLs, and GPLs, respectively. The curves of the carbon
fiber volume fraction versus natural frequencies of the FG three-phase composite cylindrical
shells with different nano-reinforced fillers are shown in Figure 9.

Figure 9a represents the relationship curves between the carbon fiber volume fraction
(Vcf) and the first-order of natural frequencies. The first-order natural frequencies of the
FG three-phase composite cylindrical shells all increased significantly with the increase
in the carbon fiber volume fraction. The first-order natural frequencies of the FG three-
phase composite cylindrical shells were relatively high when GPLs were used as the
nano-reinforced fillers; the first order natural frequency of the FG three-phase composite
cylindrical shell increased from 32.00 Hz to 45.23 Hz with an increase of 41.34%. If SWCNTs
are selected as nano-reinforced fillers, the natural frequency of the FG three-phase composite
cylindrical shell increases from 24.39 Hz to 43.04 Hz, which is an increase of 76.47%. It
is interesting to note that the percentage increase in the first-order natural frequency of
FG three-phase composite cylindrical shells with SWCNTs as nano-reinforced fillers is the
largest, followed by GOPLs and GPLs are the smallest. In Figure 9b—f, we found that the
remaining five orders of natural frequencies followed a similar pattern. Overall, the first six
orders of the natural frequencies of the FG three three-phase composite cylindrical shells
increased significantly with the increase in the volume fraction of carbon fiber. The natural
frequencies of the FG three-phase composite cylindrical shells were relatively high when
GPLs were used as nano-reinforced fillers.

Then, we also studied the effects of the carbon fiber symmetric/antisymmetric layup
angle on the natural frequencies of the FG three-phase composite cylindrical shells. The
natural frequencies of the FG three-phase composite cylindrical shells with different carbon
fiber layup angles were calculated. In Figure 10, the histogram of each order of natural fre-
quency of FG three-phase composite cylindrical shells with three different nano-reinforced
fillers in the special carbon fiber layup angle is presented. We found that there were
similar patterns, where FG three-phase composite cylindrical shells with GPLs as the nano-
reinforced fillers had the highest first six orders of natural frequencies, followed by GOPLs.
When SWCNTs were used as nano-reinforced fillers, the first six orders of the cylindrical
shells had the smallest natural frequencies.
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Figure 9. The change curves of natural frequencies of functionally graded three-phase composite

cylindrical shells with increasing volume fractions of carbon fibers. (a) First-order natural frequencies.

(b) Second-order natural frequencies. (c) Third-order natural frequencies. (d) Fourth-order natural

frequencies. (e) Fifth-order natural frequencies. (f) Sixth-order natural frequencies.
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Figure 10. The natural frequencies of the functionally graded three-phase composite cylindrical shells
with six kinds of carbon fiber layup angles are given corresponding to different nano-reinforced
fillers. (a) The carbon fiber layup angle is [0,/0,/0,/0,]. (b) The carbon fiber layup angle is
[0,/90,/90,/0,]. (c) The carbon fiber layup angle is [0,/0,/90,/90,]. (d) The carbon fiber layup
angle is [0,/90,/0,/90,]. (e) The carbon fiber layup angle is [90,/0,/0,/90,]. (f) The carbon fiber
layup angle is [90, /90, /90, /90,].

6. Conclusions

This paper presents a general framework for the material properties calculation and
free vibration analysis of new three-phase composite structures. Taking the FG three-phase
composite cylindrical shell as an example, the corresponding research and conclusions
demonstrate the feasibility of this general framework. In our research, the effects of different
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types and contents of nano-reinforced fillers and the content of macroscopic fibers on the
natural frequencies of the FG three-phase composite cylindrical shell are analyzed.

(1) The synergistic enhancement effects of nano-reinforced fillers and macroscopic fibers
were found, and the results of this paper show that the addition of nano-reinforced
fillers is significant in improving the vibration characteristics of traditional two-phase
composite structures.

(2) It was found that the effects of the type, content, and FG form of nano-reinforced
fillers on the free vibrations of the FG three-phase composite cylindrical shells are
significant. A small number of nano-reinforced fillers in the carbon fiber-reinforced
composite shell can significantly enhance its natural frequencies. Among them, a
small amount (only 1%) of GPL acts as the nano-reinforced filler and, when added to
the carbon fiber-reinforced composites in the form of FG-X, can increase the natural
frequency of the composite cylindrical shell by 150.32%.

(8) We also found that the content and layup angle of carbon fiber also had important in-
fluences on the natural frequencies of the FG three-phase composite cylindrical shells.
With the increase in the carbon fiber volume fraction, the first six orders of natural
frequencies of the FG three-phase composite cylindrical shells significantly increased.

The general framework proposed in this paper helps promote the solution of funda-
mental problems, including the calculation of equivalent material parameters and the free
vibration analysis for the new three-phase composite structure, stimulating more effective
research on its other vibration characteristics. This study also provides theoretical guidance
for the design and manufacture of FG three-phase composite structures in aerospace, civil
engineering, and rail transportation. The current methods used to find the vibration char-
acteristics of three-phase composite shell structures show limitations under more complex
loads or in complex environments such as those that are mild and wet. And we have not
tried more numerical analysis methods. In the future, we aim to carry out research on the
vibration characteristics of three-phase composite shell structures under more complex
loads, mild humidity, and other complex environments, including natural vibration charac-
teristics and nonlinear vibration characteristics. In addition, we will try more numerical
methods, such as the differential quadrature method and the wavelet method.
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