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Abstract: The novel concept of a functionally graded three-phase composite structure is derived from
the urgent need to improve the mechanical properties of traditional two-phase composite structures
in aviation. In this paper, we study the free vibrations of a new functionally graded three-phase
composite cylindrical shell reinforced synergistically with graphene platelets and carbon fibers. We
calculate the equivalent elastic properties of the new three-phase composite cylindrical shell using
the Halpin-Tsai and Mori-Tanaka models. The governing equations of this three-phase composite
cylindrical shell are derived by using first-order shear deformation theory and Hamilton’s principle.
We obtain the natural frequencies and mode shapes of the new functionally graded three-phase
composite cylindrical shell under artificial boundary conditions. By comparing the results of this
paper with the numerical results of finite element software, the calculation method is verified. The
effects of the boundary spring stiffness, GPL mass fraction, GPL functionally graded distributions,
carbon fiber content, and the carbon fiber layup angle on the free vibrations of the functionally graded
three-phase composite cylindrical shell are analyzed in depth. The conclusions provide a certain
guiding significance for the future application of this new three-phase composite structure in the
aerospace and engineering fields.

Keywords: free vibrations; functionally graded three-phase composite cylindrical shell; artificial
boundary conditions; graphene platelets; carbon fibers

1. Introduction

In aviation, commercial aircraft attach great importance to the cost reduction caused
by weight reduction and energy conservation. The application of composite materials
in commercial aircraft has become a growing trend based on these urgent requirements,
which are emerging and ascendant. The proportion of advanced composite materials in
the airframe components of aircraft has become a significant indicator to measure the
progressiveness of its structure. However, as one of the important components of large
aircraft structures, the electric conductivity of carbon fiber-reinforced composite structures
is poor. This weakness makes the aircraft unable to divert the current and may lead to
severe structural damage after a lightning strike. In order to achieve lightning protection
and ensure the operational safety of the aircraft, aviation engineers usually choose to attach
copper mesh to the surface of the aircraft structures. Nevertheless, this measure runs
counter to the original intention of weight reduction, as it adds to the airframe weight of
the aircraft [1]. Is there a solution that can achieve the best of both worlds?

Novel materials will give birth to a new generation of equipment, and scientists are
pinning their hopes of solving the above problem on these new materials with distinctive
functions. In recent years, materials scientists have tried to add graphene platelets (GPLs) to
traditional carbon fiber-reinforced composite materials. When the content of GPLs exceeds
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the percolation threshold, conductive paths appear, and the conductivity of the composite
material is greatly improved. Thus, a new type of three-phase composite structure with
electric conductivity is obtained [2,3]. If we apply this structure to aircraft manufacturing,
it is possible to obtain the next generation of aircraft lightning protection solutions, which
have broad application prospects [4-8]. It is noteworthy that the new three-phase composite
structure with electrical conductivity can also have functionally graded (FG) characteristics
by adjusting the GPLs distribution form, just like the new FG three-phase composite shell
reinforced synergistically with GPLs and carbon fibers (studied in this paper), as shown in
Figure 1. The new FG three-phase composite structure reinforced synergistically by GPLs
and carbon fibers integrates the advantages of carbon fiber reinforced-composite structures
and FG-reinforced composite structures, which is regarded as a multi-scale composite
structure with significant practical value regarding engineering in aviation, aerospace,
navigation, and other fields [9,10]. Although a large number of scholars have carried
out in-depth research on the vibration characteristics of two-phase composite structures,
such as carbon fiber-reinforced composite structures [11,12] and FG-reinforced composite
structures [13-15], there are few studies on the vibrations of the new FG three-phase
composite structure reinforced synergistically by GPLs and carbon fibers. Therefore, the
free vibrations of the new FG three-phase composite cylindrical shell structure are studied
deeply in this paper to make this kind of new structure reinforced synergistically with
GPLs and carbon fibers be applicable to related fields earlier and more widely.
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Figure 1. The FG three-phase composite cylindrical shell model reinforced synergistically with GPLs
and carbon fibers.

Composite laminated cylindrical shell structures have been widely used in the fields
of aerospace, automotive, and defense [16-18]. Their vibration-based problems have
been appreciated, and many related pieces of research have been reported over several
decades [19,20]. The artificial boundary spring method is often applied in the free vibration
analysis of shell structures. Based on the artificial boundary spring method, Li et al. [21]
studied the free vibrations of composite laminated thin-walled cylindrical shells, and
Guo et al. [22] analyzed the vibration characteristics of three laminated shell structures.
Moreover, different approximation calculation methods are used, such as the reverberation
ray matrix method, the wave base method, etc., during the numerical analysis of the free
vibration characteristics of composite laminated shells. By using the reverberation ray
matrix method, Tang et al. [23] and Wang et al. [24] studied the free vibrations of cylindrical
shells based on Fliigge thin-shell theory and first-order shear deformation theory (FSDT),
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respectively. He et al. [25], Shi et al. [26], and He et al. [27] analyzed the problems of the
free vibrations of shell structures under arbitrary conditions.

In recent years, scholars have discovered that new advanced nanomaterials have
superb electrical, mechanical, and thermal properties, such as carbon nanotubes (CNTs),
graphene platelets (GPLs), and other graphene derivatives. These new nanomaterials
are incorporated into the polymer matrix in the form of reinforcements to improve the
comprehensive performance of conventional composite materials [28]. Then, the nanofiller-
reinforced FG composite materials are obtained by introducing the concept of functionally
graded materials (FGMs), in which the nanofiller reinforcements show a gradient distri-
bution pattern along the direction of thickness of the polymer matrix, and their material
properties also show a continuous and relatively smooth variation along the direction of
thickness [29]. The research on vibration characteristics of the nanofiller reinforced FG
composite shell and panel structures has aroused wide attention.

Thang et al. [30] performed a free vibration analysis of a thin-walled FG composite
cylindrical shell, considering neutral surface effects. By using FSDT, Wang et al. [31] and
Qin et al. [32] investigated the free vibrations of CNT-reinforced FG composite rotat-
ing spherical shells and cylindrical shells, respectively. Sobhani et al. [33] analyzed the
free vibration of nanofiller-reinforced FGM cone-cylinder-cone shells by using the gen-
eralized differential product method. Abedini et al. [34] analyzed the free vibration of
GPL-reinforced FGM cylindrical shells. Liu et al. [29] used the three-dimensional elas-
ticity theory to analyze the free vibration characteristics and buckling of GPL-reinforced
FG composite cylindrical shells. Based on Sanders’ shell theory, Ghamkhar et al. [35]
investigated the free vibration of FGM cylindrical shells under circular support conditions.
Chai et al. [14] analyzed the vibration of composite-joined conical-cylindrical shells by
using the Donnell shell theory. On top of that, Xie et al. [36] investigated the free vibrations
of CNT-reinforced FGM cylindrical panels under general elastic support conditions. By
using FSDT, Van Do et al. [37] analyzed the free vibrations and bending properties of the
GPL-reinforced FGM cylindrical panels. Khoa et al. [38] studied the nonlinear dynamic
responses of single-walled CNT-reinforced FGM cylindrical panels using the fourth-order
Runge-Kutta algorithm. Twinkle et al. [39] investigated the vibration of GPL-reinforced
FGM cylindrical panels.

The nanofiller-reinforced FGMs described in the previous paragraphs can be seen as a
hybrid matrix (HM); it is obtained by filling the nanoscale reinforcements into a polymer
matrix [40]. Continuing to add the macroscopic reinforcements in HM materials can make
a three-phase composite material, where the carbon or glass fibers are usually chosen as the
macroscopic-level reinforcements. The FG three-phase composite structures combine the
features of the two-phase composite laminated structures and the two-phase FG composite
structures, and they also concentrate on the advantages of both of them. Therefore, the FG
three-phase composite shell structures have better comprehensive performance and richer
mechanical properties with wider applicability, which can further improve the vibration
characteristics of the shell.

Two-phase composite shell structures have been studied further by previous re-
searchers, and the vibration characteristics of three-phase composite shell structures have
been less studied in comparison. Nevertheless, there are still some published studies that
can provide the references for our research in this paper. Ebrahimi et al. [41] used the
Halpin-Tsai model to calculate the effective material properties and analyzed the vibration
characteristics of the three-phase composite plates. Gholami et al. [42] investigated the
nonlinear buckling of the three-phase composite plate. Arani et al. [43] studied the vibration
characteristics of a beam under the action of an external magnetic field. Karimiasl et al. [44]
analyzed the vibrations of the three-phase composite doubly curved shell composed of
polymer/CNTs/fibers and polymer/GPLs/fibers, respectively. Rezaiee-Pajand et al. [40]
used two homogenization methods, Han and Chamis, to calculate the equivalent properties
of three-phase composite materials composed of polymer/CNTs/carbon fiber, then studied
the free vibrations of the conical shell. Yousefi et al. [45] calculated the effective elastic
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properties of three-phase composites reinforced with carbon nanotubes and carbon fibers
based on the Mori-Tanaka-Eshelby method and the Han homogenization method. Then, the
free vibration characteristics of truncated conical shells were investigated. Sobhani et al. [46]
studied the vibrations of the hemispherical cylindrical shells of the three-phase composites of
polystyrene, CNTs, and carbon fibers.

By reviewing and summarizing the relevant literature, we find that there are relatively
more studies on the vibration characteristics of three-phase composite beam and plate
structures using the nanofillers of CNTs. In contrast, the vibrations of three-phase composite
cylindrical shell structures are less reported when the nanofillers are GPLs. When compared
with CNTs, GPLs have at least two advantages as the nanofillers. On the one hand, GPLs
are considered to be excellent nanoscale reinforcing fillers because of their larger specific
surface area, high spreading ratio, and high strength. On the other hand, the cost of
GPLs is much lower than that of producing CNTs when using bulk graphite for the large-
scale production of graphene, which is superior to CNTs [47]. In addition, we should
note that the composite cylindrical shell structure is one of the most common and critical
structures, which is widely used in aerospace, civil engineering, transportation, and other
fields, and the studies of its vibration characteristics are particularly important. From these
perspectives, we should pay more attention to the vibration problems of the FG three-phase
composite shell structures with nanofillers using GPLs.

The free vibrations of a new FG three-phase composite cylindrical shell reinforced
synergistically with GPLs and carbon fibers are studied in this paper, where epoxy resin is
the matrix, and GPLs and carbon fibers are the two types of reinforcements, respectively.
Firstly, we used the Halpin-Tsai model and the Mori-Tanaka model to obtain the equivalent
mechanical properties of the FG three-phase composite material. Then, the governing
equations for the free vibrations of the FG three-phase composite cylindrical shell are
derived based on FSDT and Hamilton’s principle. Herein, artificial boundary conditions
were introduced, and the equations were discretized using the Galerkin method. The
discrete equations were solved to obtain the natural frequencies. Finally, we investigate
the effects of boundary spring stiffness, GPL mass fraction, GPL FG distributions, carbon
fiber content, and the carbon fiber layup angle on the free vibrations of cylindrical shells.
The research in this paper is helpful in elucidating the free vibration characteristics of the
three-phase composite cylindrical shell and has important theoretical and engineering
significance for the further application of the three-phase composite structure.

2. Mechanical Properties of the Three-Phase Composite Material

Just as its name implies, the FG three-phase composite material is made by combining
three substances. In this section, GPL-reinforced epoxy resin is used as the hybrid matrix
(HM), and the equivalent mechanical properties of the HM are first calculated mainly by
using the Halpin-Tsai model. Then, the Mori-Tanaka model is mainly applied to calculate
the equivalent mechanical properties of the macroscopic fiber-reinforced HM.

2.1. Halpin-Tsai Model for the Hybrid Matrix

The HM consists of a mixture of a polymer matrix and nano-reinforcements. In
this paper, we chose the epoxy matrix, and we used GPLs as the nano-reinforcements.
The GPLs were distributed in the epoxy matrix with different FG distributions. In our
research, we consider five forms of GPL FG distributions in the direction of cylindrical shell
thickness. Five different GPL FG distributions are shown in Figure 1, where the deeper
color indicates the higher GPL content. The volume fractions of the GPLs in each layer at
different functional gradients are as follows [38,48]:

U: Vepr(Z) = Vipr (1a)

27
V' VepL(Z) = Vipp <1 + h) (1b)
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A:VopL(Z) = V2pp (1 — 2hz> (1c)
X : VopL(Z) = Vp1 (4'5') (1d)
O: Vgpr(Z) =2V, (1 — th|> (1e)

where VgpL indicates the volume fraction of GPLs uniformly distributed in the epoxy
matrix. h is the total thickness, and Z denotes the co-ordinate value along the direction of
the thickness.

In Equation (1), Vg pr. can be expressed as follows:

0 Wept
VerL = 0 0 2)
Wepr + ot (1= WepL)
where Wg pr and pgpr denote the mass fraction and the density of GPLs, respectively, and
the density of the epoxy matrix is indicated as py,.
The Halpin-Tsai model is used to calculate the equivalent elastic modulus of the HM;

the specific equation is shown as follows:

31 VerL(Z 51 Vepr(Z
_ 31+ &mVeri(Z) W E,+ > + &2 VepL(Z) < E, 3)

8 1-mVepL(Z) 8 1-m2Vepr(Z)

where E, indicates the elastic modulus of the matrix.
In Equation (3), 11, and 1, there are two auxiliary parameters, which can be expressed
by the following equations:

Eum

(EGPL/ Ee) -1
= GPLIZe) © - 4a
M= (Egp/Ee) + & (%)
(EGPL/ Ee) -1
(EgpL/Ee) + &
The elastic modulus of the GPLs is denoted as Egp;, and the parameters &;, and & is
determined by the geometric parameters of the reinforcement as follows:

N2 = (4b)

2L
£ = . GPL (5a)
GPL
2W,
£y = ; GPL (5b)
GPL

where the length, width, and thickness of the GPLs are denoted by Lgpr,Wepr, and
hgpr, respectively.

According to the mixing rules, the Poisson’s ratio and density of the HM at each layer
can be calculated. The calculation formula is shown as follows:

vam(Z) = vgprLVerL(Z) +veVe(Z) (6a)

paM(Z) = pcprVerL(Z) 4 peVe(Z) (6b)

where v (Z) and ppyp(Z) denote the Poisson’s ratio and density of the layer at the
co-ordinate value along the direction of the thickness, respectively; V.(Z) and V;py (Z) are
the volume fraction of the epoxy matrix and the volume fraction of the GPL reinforcement
at the co-ordinate value of Z along the direction of the thickness, respectively. From the
mixing rule, the sum of V,(Z) and Vspr(Z) is 1. vgpr and pgpr denote the Poisson’s
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ratio and density of GPL reinforcement, respectively, and the detailed parameter values
are shown in Table 1. v, and p, indicate the Poisson’s ratio and density of epoxy matrix,
respectively, and the detailed parameter values are shown in Table 2.

Table 1. The mechanical properties of the epoxy polymer; the GPLs are given.

Material E.(GPL) Ve p.(kg/m3)
8551-7 epoxy polymer (matrix) 4.08 0.38 1272
Graphene platelets 1010 0.186 1062.5

Table 2. The geometrical properties of the GPLs are given.

Material Lgpr(nm) Wgpr(um) hgpr (um)
Graphene platelets (GPLs) 2.5 1.5 15

2.2. Mori-Tanaka Method for Three-Phase Composites

The FG three-phase composite material reinforced synergistically with GPLs and
carbon fibers was obtained by adding the carbon fiber reinforcement to the FG HM. In
this case, each layer of the HM is an isotropic material, and the equivalent mechanical
properties have been calculated based on the Halpin-Tsai model in the previous subsection.
The carbon fiber reinforcements are transversely isotropic materials, with the longitudinal
and transverse elastic modulus defined as E} and Ej%. G}z and G}3 represent the shear

modulus, v}z is Poisson’s ratio. The transversely isotropic materials have the properties of

v}z = v}g’ and Ej% = E)3(. The mechanical properties of the carbon fibers are given in Table 3.

Table 3. The mechanical properties of IM-7 carbon fiber are given.

Material E}(Gpa) E)%(Gpa) v}z v}3 G}Z(Gpa) GJ%s(Gpa) pf(kg/ms)
Carbon fiber 276.0 19.0 0.2 0.2 27.0 7.0 1780
The equivalent mechanical properties of the FG three-phase composite material were
obtained by using the Mori-Tanaka method [49] as follows:
2
Elfr = ViEb+ (1 - Vf) Epm +2Vy (1 - Vf> Z (v}Z - VHM) (7a)
1 _ 2
B2 _ Eeff/(l (Vim) ) .
g Eys n_ 5 B (tivem 2 17 )
ot T2V 7z (1 Ve gy (L +VHM>> Vg, (EHM —at E)%>
Zz
ng%f = VUM + ZVfiEHlM (V}z — VHM) (1 — (\/HM)z) (7C)
E2
21 eff 12
Veff = F1 Veff (7d)
eff
E G2 -1
Gl = HM 14 Vy —4V; 1+Vf+2(1—vf)EI;A(1+vHM)1 (7e)
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E
23 HM
Geff = = (76)
1-V,
2(1 1% / 1
(1+ Vi) +Vy (S_S(VHM)Z * EGH%QAZ(HVHM))
Gefr = Gojy 78)

In Equations (7a)—(7g), Eg £ f and ng ¥ denote the equivalent longitudinal modulus of

elasticity and the equivalent transverse modulus of elasticity, respectively. Gg} £ and G?; £

represent the equivalent in-plane shear modulus and the equivalent out-of-plane shear
modulus, respectively. ng% 3 denotes the longitudinal Poisson’s ratio. Z; and Z; are two
auxiliary parameters, the expressions of which are shown as follows:

-1

(Vle)z 1— szs (1+vum) (1 + Vf(l — 2VHM))
71 = —2(1 _ Vf) S (1 - Vf> B + P (8)
Zy = E; <3 + Vi — 4VHM> (14 vum) + (1 - Vf) Exm (1 + V?) (8b)

Based on the mixing rule, we obtain the equivalent density of the FG three-phase
composite material as follows:

Peff = PV + pum VM 9

3. Governing Equations of Motion

Cylindrical shell structures have a wide range of applications in the aerospace, marine,
and transportation fields. The mechanical properties of cylindrical shell structures can be
greatly improved by using new materials. Therefore, the research object of this paper is the
FG three-phase composite cylindrical shell reinforced synergistically with GPLs and carbon
fibers, as shown in Figure 1. In our research, the axial length of the three-phase composite
cylindrical shell is L = 2 m, the radius of the midplane is R = 1m, and the thickness is
h = 0.05 m. In the following study, the geometrical parameters of the cylindrical shell are
kept constant without any special specification. A column co-ordinate system is established
at the midplane of the cylindrical shell, as shown in Figure 2, where x, 6, and z are the axial
co-ordinate direction, the circumferential co-ordinate direction, and the radial co-ordinate
direction of the cylindrical shell, respectively. The deformation of the cylindrical shell along
the axial, circumferential, and radial directions is represented as u, v, and w, respectively.
It should be noted, in particular, that during the modeling of the dynamics of cylindrical
shells, we mainly refer to Reddy’s book: Mechanics of Laminated Composite Plates and Shells
Theory and Analysis [16].
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k(pBO

Figure 2. The model of the three-phase composite cylindrical shell under arbitrary boundary condi-

tions in a column co-ordinate system.

3.1. Governing Equations for Cylindrical Shells

The displacement fields of a cylindrical shell are given based on FSDT [16]. These
equations are shown as follows:

u(x,0,z,t) = up(x,0,f) +z@x(x,0,1) (10a)
v(x,0,z,t) = vo(x,0,t) +z0g(x,6,t) (10b)
w(x,0,z,t) = wy(x,6,t) (10¢)

where ug, vy, and wy denote the displacements along the x-axis, 8-axis, and z-axis of a point
on the middle plane: z = 0. In addition, ¢, and ¢¢ indicate the angles of rotation around
the 0-axis and x-axis, respectively.

Then, we obtain the strain components according to the von-Karman geometric non-
linear relationship as follows:

Exx 59(3( Ealcx
0 1
€00 5%9 699
_ 1
Yx8 ¢ = 1/,69 + 24 Yyo (11)
1
Yxz Y())cz Yxz
Yoz Yoz Yoz
where 5
dug 1 2@
Exx v ox w Elxx aaxx
avo Yo [
€00 90 +aR f90 ; Raga
_ 0 Vo _
Yo ( — Ro6 +3W s\ Yyo ( — R‘gé‘ + g;e (12)
Y())cz Py + % Yxz 0
Yoz Po + 12%3 — % Yeo: 0
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In Equations (11) and (12), €xx, €00, Yx0, Yxz, and yg, denote the strain compo-
nents. The constitutive relations of the three-phase composite cylindrical shell are shown

as follows: .
Oxx ¢ 91 1 912 Exx
Too Qun Qn €00
Txo = Qs6 . Yx0 (13)
Txz Qu . Yxz
Toz Qss Yoz

In Equation (13), k is the number of layers in which it is located. The stiffness modulus
is denoted as Ql-j(i, j=1,2,3,4,5,6). The stiffness modulus is defined as follows:

Q11 = Q1050 +2(Q1p +2Q¢6) sin® 8 cos? B + Qyp sin* 0 (14a)

O1p = (Q11 + Q2 — 4Q¢6) sin? 0 c0s2 0 + Q12 (sin4 0 -+ cost e) (14b)

Qp = Qi1 5in* 0 +2(Q1p + 2Q¢6) sin® 8 cos? B + Qyp cos* O (14¢)

Q16 = (Q11 — Q12 — 2Q¢6) 5in 0 cos® 0 + (Q12 — Q22 + 2Q46) cos O sin’ O (14d)
Q26 = (Qu1 — Qu2 — 2Qe6) cos O sin” 0 + (Q12 — Q22 +2Qgs) sin O cos’ O (14e)

Qes = (Qr1 + Q2 — 201 — 2Qs) sin? 8.c0s? 0 + Qe (sin 8 + cos*0) (14D
Qus = Qs55in” 8 + Qqq cos* 6 (14g)
Qs5 = Quasin” 0 + Qs5cos” 0 (14h)

In Equations (14a)—(14h), 6 denotes the layup angle of each layer of carbon fibers in
the FG three-phase composite cylindrical shell, and Q;; is expressed as follows:

El .v12 EZ EZ
_ eff _ _ effTeff _ eff
Qll - 1 _ V12 _\/21 7 Q12 - 1 _ '\/12 V21 7 Q22 - 1 _ V12 _\/21 (15&)
eff "eff eff "eff eff eff
Qu = G}, Qs5 = G,7r, Qes = Gy (15b)

The extended Hamilton principle is a general expression of dynamic systems. Formally,
it can be expressed as follows:

t
/1(6T—5U+6W)dt —0, (16)
t

In Equation (16), the virtual strain energy of the system is U, the virtual kinetic energy
8T, and the virtual potential energy work carried out by the applied forces is §W. Since
there is no external excitation in the free vibration, the virtual potential energy W is 0. 6T,
dU, and 6W are expressed as follows:

5T = / o (itdit + V6v + wdtv)dV, (17)
14

ou = /V(O'xxésxx + 0gpdcge + 0ygderg + Oyz0€x; + Uezéeez)dv (18)
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dW = 0. (19)
By substituting Equations (17)—(19) into Equation (16), we obtain the governing equations.

ity : Ny + 290 — Joiio 4 1, (20a)
5vo : Nyox + N‘}e'e + % = Iyvo + L1 §o, (20b)
Swp : nge QR = Ioibo, (20¢)
S Mg + 290 Q. = Ly + hps, (20d)
5o : Mo x + 2 — Qg = I + hipe. (200

where the membrane stresses are denoted as Ny, Ngg, Qg, and Qy, the membrane moments
are indicated as M,g and Mgg, and the inertia terms are denoted as (i = 0,1,2). The
equations for membrane stress, membrane moment, and the mass moment of inertia are
shown as follows:

Nix A Ap ey Bi1 B2 €1y
Noo Ap Ap 2o Bio Bx» ebo
Nyo ¢ = Asp Y0 ¢ + B Yie (21a)
Qx KA44 ygz B44 ,Y}(Z
Qo KAss Yy, Bss Yo,
My Bi1 Br2 ey Dy1 Dy2 Exx
Meg ¢ = { Bio B edg ¢ +4 D12 D €be (21b)
Mye Bss ) (Yo Des ) \vie
h
I = /_1 Zipefsdz(I = 0,1,2) (22)
2

In the above equations, it is assumed that the shear correction factor is K =5/6. Al-]-,
Bjj, and Dj; are shown as follows:

(Ayj, Bij, Djj) = / Ql](l z,z ) dz = /Zk+1 QU 1 z,zz> dz (23)

where N is the total number of layers, k denotes the number of layers, and Qij(k) indicate
the stiffness term of the layer k.

By substituting Equations (11), (12), (14a)-(14h), (15a), (15b), (21a), (21b), (22), and (23)
into Equations (20a)—(20e), the displacement form of the governing equations are given
as follows: ,

~Io% at S T An axz + A12(Raa;a09 + %\]2)

2
+1° a v, <+ B ax2 2+ B2y Raxae + Ass Rzae2 ! (242)
+Ass kg + Bos grigs + Boo s = 0
292 92 02
& (6A12Raxae 5As5vo — 610 R* S5 + 6A66R(ﬁ + RW\;O)
2 2
+6A22W20 + 6Azzaa% + 5A55% + 63121{%%Y + 6B66R(a37:5% ’ (24b)

2 2 2
+5A55R g + 611 R2E52 + 6BgR2EG¢ + 6By aagge) —0



Aerospace 2023, 10, 1007

11 0f 28

- [6A12R +5A552%0 + 610R2 aafgo 64
(E’VO +wo) 5A44Rza wO] . (5A55 "W 1 6By, (24¢)

ROL: 4 6B %t — 5AuR22s —5A55R%3 ) =0

9%vg | dwg
B ( %90 T ox )

0%u 0%u
L5550 + B3 +

(awo + (Px) 12 a

2
Bss 5 0 +Bes 339 +Dos Tez ©+DgoR 508
RZ

A44

(24d)

8

+ =0

awo
I +B 921 + vy - 5A55< Vo+Rbo+ 5 )
1 atZ 66 Raxae Frea 6R

—h at26 + Des 32)26 + Deo e Raxae (24e)

2 P) 2u 22
B < 86\/20 + =2 ) +312R73x39 +D2 ag)ze +D12R axgg
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3.2. Solution Procedure for Free Vibrations

In this paper, we study the free vibrations of an FG three-phase composite cylindrical
shell under general boundary conditions using the artificial boundary spring method. The
model of the cylindrical shell under the general boundary conditions is shown in Figure 2.
Three linear springs ky, kv, and k;, limit the displacement of the cylindrical shell along the
x-axis, 0-axis, and z-axis directions in the column co-ordinate system; the torsion of the
cylindrical shell along the 8-axis and x-axis directions is limited by two rotational springs:
k $0 and k(bB'

The membrane stress distribution at both ends of the cylindrical shell model is shown
in Figure 3. The mathematical expression of the general boundary conditions for an FG
three-phase composite cylindrical shell are shown below.

Atx=0:
kuOuO = Nxx, kVOVO = Nyo , kwowo = Qx (25a)
ktpxo QOx = —Myy, k(peO(PG = —Myg !
Atx=L:
kuluo = — Ny rkVIVO = —Nyo rkwle = —Qx
. 25b
k(pxl Qx = My, kiPel ®o = Myo ( )
Nx X Mo
Nxo My,

N~~~

Figure 3. The distribution of membrane stress and bending moment in the boundary.

In Equations (25a) and (25b), ky0, koo, kwo, kex0, and kg9 are the three linear springs
and the two rotational springs, which restrain the displacement of the cylindrical shell at
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x = 0. Similarly, the three linear springs, k;;, ko, k1, and two rotational springs, k4, and
ko1, restrain the displacement and torsion of the cylindrical shell at x = L, respectively.

The artificial boundary spring method has the advantage of having arbitrary boundary
conditions that can be obtained by simply adjusting the spring stiffness value. Table 4
shows the spring stiffness values of the three classical boundary conditions.

Table 4. The corresponding spring stiffness values of the arbitrary boundary conditions are listed.

BC Spring Stiffness
Ku ko ke K koo
F 0 0 0 0 0
1012 101° 1015 0 1012
C 1012 101 101 101° 101°

The displacement functions of the FG three-phase composite cylindrical shell are
assumed to be in the form of a superposition of Fourier cosine series and additive functions,
as follows:

u(x,0,t) = U(x, 0)e™!
M N 2 N . (26a)
v Z Upn cos Ayx cos(n®) + Y Y a1,4;(x) cos(ne)} et
m=0n= I=1n=0
v(x,0,t) = V(x, 0)e™!
M N 2 N , } ot - (26b)
2 Z Vinn €08 A x sin(n@) + Z Z b1,0(x) sin(nd) | '
(x,0,t) = W(x, 0)e™
M N 2 N ot (26¢)
= {Z Y. Wiyn cos Ay x cos(n®) + Z Z 1 (%) cos(ne)} et
m=0n=0 1=1n=0
$x(x,0,1) = Py(x, )it
M N 2 N ot (26d)
Y Y $xmncosApxcos(n®) + Y Y d1,0i(x) cos(ne)] e’
m=0n=0 I=1 =0
d)e(x e,t) po(x, 0)e™!
[ Y Z Pomn COS Ay xsin(nd) + Z Z e1n(r(x )sin(ne)} et - (26e)
m=0n=0 [=1n=0

where Ui, Vinn, Wiin, Yrxmn, and g, are Fourier cosine series coefficients. Among them,
Awm = mrm /L, in which m and n denote the number of axial waves and circumferential
waves, w is the natural frequency. {;(x)(I = 1,2) represents the supplementary functions.
The third-order polynomials of the supplementary functions are shown as follows:

x2

G =x(F-1) e =2 (1) @)

In Equations (26a)—-(26e), ain, bin, C1n, din, and ey, are the coefficients of the supplemen-
tary functions. The elastic boundary equations are obtained by substituting Equations (12),
(21a), (21b), (23), (26a)—(26e), and (27) into the elastic boundary relations (25a) and (25b) in
order to solve the function coefficients. The obtained elastic boundary equations are shown
as follows:

Eh VEh & th a -
mﬂm + mn ZO Vinn + 1-2 2 Wmn ku, 20 Umn =0, (28a)
m= m=



Aerospace 2023, 10, 1007

13 of 28

ER®nY5_ o hxmn Eh®ey,, Ehnyy_oUmn ~ Ehby, >
— — - — - = 2
24R2(v +1) 24R(v+1) 2R(v+1) * 2(v+1) kvo ; Viun =0, (28b)

m=0
Eh3l’122$70 lpxmn Eh3n€1n 5Eh2$70 lpxmn SEI’ZCln ©
» = —kawo Y Wi =0, (28¢)
24R?*(v+1) 24R(v +1) 12(v+1) 12(v+1) =

Eh3nzomofo Yomnv Eh3d1n s
— k = 28d
12R(1 - v2) 12(1—v2) T 0 mZ::O Yamn =0, (28d)

ER*nYe_o $xmn Eh3eq,, >

_ = B _ )

24R(1+v) | 2a(1tv)  Kweo m;o%m” 0, (28¢)

Ehny__o Vinn'v cos(mtm) + EhY o _o Winn'v cos(mrm)
R(1-v2) R(1-v2)

Ehazy | ky ¥ Uy cos(tm) = 0
m=0

, (28f)

+

1—v2

. EW3nY 5o Yxmn cos(rtm)  EnYe_o Uy cos(rtm)

24R2(14) 2R(T+V)

Ehey, Ehbs, S ,
tarasy T oy + kv méo Vi cos(rtm) = 0

(28g)

. Eh3n2zfn°:0 Pxmn cOs( M)
24RZ(1+V)

Eh3ney, 5Ehcy, ® L
+24R(;1i2v) + 12(1Jcr2v) + kit mZ::O Vinn cos(7tm) = 0

SEhY oo Ymn cos(rmm)
+ 2(1+v)

(28h)

ER®nY oo Pomnv cos(mm) Eh3dy, = .
12R(1 — v2) =2 e mgo Pemn cos{rm) =0, (28)
Eh3n2$:0 Yxmn'v cos(tm) Eh3e, ad .
- 24R(1+v) 24(1 1 v) ool m;o%'"” cos(rm) =0. (28

The coefficients of the supplementary functions are 2(3 + 5n) and are equal to the
number of boundary equations. The one-dimensional coefficients of the supplementary
functions ay,, by, Cin, din, and e, (I = 1,2) can be represented by the two-dimensional
generalized co-ordinates Ui, Vinn, Winn, Yxmn, and Pgy,. The relationship between the
above two can be written in matrix form as follows:

Y = PX, (29)
In which
T
Y={ay,...,an, bo,....bu, co,..,cn, do,...,dn, € ,....en}, (30)

P is the coefficient matrix.

X = { uT/ vT/ wT/ d)xT/ d)eT}T/ (31)

where
u = { Ugo, Uo1, - - -, Upyroy Uyt -, Upryr, - -, Upan } (32a)
U= { VOO/ V01, ey leo, lel, ey ernl, ey VMN}T, (32b)

w = { W()(), WOl/' . -er’O/ Wm/ll .. .,Wm/n/,. . .,WMN}T, (32C)
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by = { Y00, Wxo1, - - - /wxm’oﬂbxm’l/ . -/lbxm’n’r s /q)XMN}Tr (32d)

do = { Wooo, Veo1, -, Womo, Vo1, - Womnts - - - Womn} - (32e)

By substituting Equations (26a)—(26e) and (27) into Equations (24a)—(24e), five motion
control equations are obtained. The Fourier cosine coefficients have a total of 5n(3 + 5m).
Therefore, the control equations are truncated to 51(3 4 5m) using the Galerkin method.
The truncated algebraic equation in matrix form for 51(3 + 5m) is shown as follows:

SX+ QY + FX + GY =0. (33)

In Equation (33), S, Q, F, and G are coefficient matrices. Substituting Equation (29)
into Equation (33) yields the results as follows:

(M+K)X =0, (34)

In which
M=S+PQ,K=F+PG. (35)

By solving the eigenvalues and eigenvectors of the standard characteristic Equation (34),
the relevant numerical solutions for the natural frequencies and the mode shapes of the FG
three-phase composite cylindrical shell can be obtained. The specific steps are described in
detail in the previous literature [50] of our group and will not be repeated herein.

4. Validation of the Calculation Results

In order to ensure the accuracy of the results and the reliability of the conclusions in the
subsequent analysis, it is necessary to verify the convergence and accuracy of the solution
procedure proposed in Section 3 for the free vibrations of the FG three-phase composite
cylindrical shell. The solution procedure is verified from two aspects: convergence analysis
and mode comparison, respectively.

4.1. Convergence Analysis

In this paper, we first study the convergence law of the natural frequencies of the
cylindrical shell with the increase in the truncation numbers M and N. We chose the
boundary conditions to be clamped at both ends, and the geometric parameters of the
cylindrical shell are L = 0.502 m, R = 0.0635 m, and & = 0.00163 m. The mechanical
properties of the cylindrical shell are p = 7800 kg/m3, 4 = 0.28, and E = 2.1E + 11N. The
calculation results of the natural frequencies are shown in Table 5. It can be seen that the
natural frequencies of the cylindrical shell gradually decrease and have good convergence
as the number of truncations M and N increases. When taking M = 14 and N = 14, the
natural frequencies of this paper are not only very close to those of the reference [51] but are
also close to the finite element simulation results. Thus, the good accuracy of the solution
method in this paper is confirmed.

Then, we also investigated the convergence property of the natural frequencies of
the cylindrical shell with the increase in the number of layers. The FG cylindrical shell
clamped at both ends is taken as an example. The mechanical properties of the epoxy
resin and GPLs are shown in Table 1. The GPL reinforcements are distributed in the epoxy
matrix in the forms of FG-X, FG-V, FG-A, and FG-O, respectively. The mass fraction of GPL
reinforcement is 1%. With the number of layers as the independent variable, the natural
frequencies of the FG cylindrical shell were calculated for different layers. For four forms of
FG GPL distributions, the corresponding relationships between the natural frequencies and
the number of layers are depicted in Figure 4. We find that the variation rates of natural
frequencies in the first six orders decrease gradually with the increase in the number of
layers. When the number of layers is 16, both rates of change for the natural frequencies
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of the FG-V and FG-A composite cylindrical shells are less than 0.4%, whereas the rate of
change for the natural frequencies of the FG-X and FG-O composite cylindrical shells are
less than 0.7% and 1.25%, respectively. It can be seen that the natural frequencies of the FG
cylindrical shell with 16 layers can be considered to have converged, which can meet the
substitution of continuous FGMs. Therefore, all FG cylindrical shells are set to the form of
16 layers in the following sections.

Table 5. Comparisons of the theoretical results of the natural frequency of cylindrical shells under
C-C boundary conditions with finite elements and the existing literature results. (L = 0.502 m;
R =0.0635m; h = 0.00163 m; p = 7800 kg/m3; v = 0.28; E = 2.1E + 11N/m?).

Present
Dai et al. [51] Abaqus
M=6N=6 M=8N=8 M=10N=10 M=12N =12 M=14N=14
1 905.1 901.9 900.6 899.8 899.2 896.6 900.5
2 92291 915.8 911.9 909.4 907.5 898.2 900.9
3 1425.6 1414.0 1408.4 1404.9 1402.5 1388.9 1395.8
4 1502.3 1501.1 1500.6 1500.3 1501.6 1501.6 1516.3
5 1692.1 1685.1 1682.6 1681.1 1680.3 1676.0 1690.7
6 1911.3 1904.5 1899.8 1896.2 1893.4 1880.9 1883.2
7 2083.5 2060.7 2048.7 2041.4 2036.6 2014.1 2020.8
8 2144 .4 2097.7 2080.4 2071.6 2064.9 2389.0 2064.7
9 2343.8 2269.0 22394 2223.3 2213.1 2472.6 2189.4
1.0
16| ‘ FG-V —a—01
L4t Qo8
3 3
g 12r G 06
S S
[} 1.0 - o
2 2 .l
B o6l 8 0.4
‘G ‘G
) 06 9 02}
[ ©
4 [
04t
0.0
1.0
< FG-A —=—Ql 3.0}
o 2
08 a A3 e
~ Q4 ~ 25}
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T 06 . > Q6 S
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Figure 4. The relationships between the number of layers and the rate of change for the natural
frequencies of the FGM cylindrical shell.
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4.2. Mode Comparison

In order to ensure the convergence and accuracy of the solution procedure proposed
in this paper, we need to further compare the accuracy of the theoretical calculation with
the finite element results of the FG three-phase composite cylindrical shells under different
boundary conditions.

First, the theoretical results of the natural frequencies and mode shapes of the FG
two-phase composite cylindrical shells are compared with the finite element results. The
GPL reinforcement is distributed in the epoxy matrix in the form of FG-X, with a mass
fraction of 1%. These results are shown in Tables 6-8. By analyzing and comparing the
above three tables, we find that, overall, the theoretical values of the first six orders of
natural frequencies of the FG cylindrical shell are very close to the finite element results.
The difference between the theoretical and finite element results of the natural frequencies
of the FG cylindrical shell with solidly supported boundary conditions at both ends is
minimal. The errors of the first three orders of natural frequencies are 0.43%, 0.75%, and
0.32%, respectively. In addition, the first six orders of the modal shapes of the FG cylindrical
shell are consistent with the finite element results.

Table 6. Modal comparisons of the X-type FG cylindrical shell under C-C boundary conditions

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

Present
Abaqus
Present 187.46 204.85 229.20 268.78 338.52 343.53
Abaqus 188.27 206.40 229.94 273.04 339.18 346.36

Error 0.43% 0.75% 0.32% 1.56% 0.19% 0.81%

Table 7. Modal comparisons of the X-type FG cylindrical shell under S-S boundary conditions
are given.

Mode No.
S-S

Present
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Table 7. Cont.

Mode No.
S-S
1 2 3 4 5 6
Abaqus
Present 175.92 194.93 219.61 261.31 317.10 327.30
Abaqus 176.93 196.88 220.36 266.12 319.96 329.99
Error 0.57% 0.99% 0.34% 1.81% 0.89% 0.81%

Table 8. Modal comparisons of the X-type FG cylindrical shell under F-F boundary conditions

are given.
Mode No.
F-F
1 2 3 4 5 6

Present L | }\ . ; { & !1 | | | |
Abaqus
Present 25.80 36.83 72.72 87.11 138.76 154.43
Abaqus 2591 33.90 73.40 86.03 141.09 155.56
Error 0.42% 7.95% 0.92% 1.25% 1.65% 0.72%

Then, we calculated the natural vibration characteristics of carbon fiber-reinforced
composite laminated cylindrical shells. The theoretical results are compared with the finite
element results, and the results are organized in Tables 9-11. The geometrical parameters
and three boundary conditions of the cylindrical shell were kept the same as above. The vol-
ume fraction of carbon fibers (Vf) was 10%, and the layup angle was [0,/90,/0,/90,] [16].
From Tables 9-11, we find that the errors of the theoretical values of the first-order natural
frequency of the composite laminated cylindrical shells compared with the finite element
results under the three boundary conditions are kept below 0.1%. In addition, for the three
boundary conditions, the theoretical results of axial wave number and circumferential
wave number of the first six orders of vibrations of the composite laminated cylindrical
shell are completely consistent with the finite element results.
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Table 9. Modal comparisons of the composite laminated cylindrical shell under C-C boundary
conditions are given.

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

Present
Abaqus
Present 121.39 137.84 147.07 202.43 203.95 226.69
Abaqus 121.34 137.82 147.14 202.54 204.37 226.61

Error 0.04% 0.01% 0.05% 0.05% 0.21% 0.04%

Table 10. Modal comparisons of the composite laminated cylindrical shell under S-S boundary
conditions are given.

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

Present
Abaqus
Present 113.54 130.46 141.21 198.41 199.96 203.82
Abaqus 113.56 130.47 141.37 198.50 200.50 203.81

Error 0.02% 0.01% 0.11% 0.04% 0.27% 0.01%

Table 11. Modal comparisons of the composite laminated cylindrical shell under F-F boundary
condition are given.

Mode No.

F-F

Present ‘ \ / ‘ ‘a f | |
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Table 11. Cont.

Mode No.
F-F
1 2 3 4 5 6
Abaqus
Present 21.70 24.12 60.94 64.29 115.77 119.55
Abaqus 21.72 23.11 61.02 63.85 116.05 119.51
Error 0.09% 4.37% 0.13% 0.69% 0.24% 0.03%

Finally, the theoretical and finite element results for the natural frequency and mode
shapes of the FG three-phase composite cylindrical shell are compared. The mechanical
properties of the GPLs and the carbon fibers are shown in Tables 1 and 3, respectively. The
GPL reinforcements are distributed in the matrix in the form of FG-X to form the HM, and
the carbon fiber reinforcements are distributed in the form of lamination laying in the HM.
The GPLs mass fraction (WGpl) is 1%, and the content of carbon fibers (Vf) is 10%, and
the carbon fibers layup angle is [0,/90,/0,/90,]. The results are shown in Tables 12-14. It
can be seen that the theoretical values of the first six orders of the natural frequencies are
much closer to the finite element results. Among them, except for the second-order natural
frequency under the free boundary conditions at both ends, the errors of the first three
orders of the natural frequencies of both do not exceed 0.36%. In addition, the theoretical
results of the first six orders of the mode shapes of the three-phase composite cylindrical
shell are in complete agreement with the finite element results. Thus, it is verified that the
calculation method of this paper applies to the FG three-phase composite cylindrical shell
and has good accuracy.

Table 12. Modal comparisons of the FG three-phase composite cylindrical shell under C-C boundary
condition are given.

Mode No.
C-C
1 2 3 4 5 6
Present
Abaqus
Present 212.30 239.63 253.98 320.21 377.26 390.48
Abaqus 211.71 238.76 253.71 319.13 377.33 388.34

Error 0.28% 0.36% 0.11% 0.34% 0.02% 0.55%
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Table 13. Modal comparisons of the FG three-phase composite cylindrical shell under S-S boundary
condition are given.

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

Present
Abaqus
Present 200.48 229.86 243.67 313.04 359.15 367.91
Abaqus 200.22 229.37 243.59 312.35 357.71 367.27

Error 0.13% 0.21% 0.03% 0.22% 0.40% 0.17%

Table 14. Modal comparisons of the FG three-phase composite cylindrical shell under F-F boundary
condition are given.

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

Present ‘ B \ ‘ %
Abaqus
Present 32.00 41.84 90.11 102.85 171.76 185.56
Abaqus 32.01 38.88 90.17 101.3 172.07 184.95

Error 0.03% 7.07% 0.07% 1.51% 0.18% 0.33%

The advantage of the calculation method in this paper is that it is possible to calcu-
late the natural frequencies and mode shapes of not only the FG three-phase composite
cylindrical shell but also two-phase composite and homogeneous cylindrical shells because
the two-phase composite and homogeneous forms are special cases of the three-phase
materials, and we only need to change the parameter settings.

5. Free Vibrations of a Three-Phase Composite Cylindrical Shell

In this section, we first study the natural frequencies of the FG three-phase composite
cylindrical shell corresponding to different boundary conditions to analyze the effect of
spring stiffness. Then, we further investigate the effects of GPL reinforcement and carbon
fiber reinforcement on the natural frequencies of the FG three-phase composite cylindrical
shell in depth. The mechanical properties of the epoxy matrix, GPL reinforcement, and
carbon fibers are shown in Tables 1-3, respectively.
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5.1. Effects of Boundary Spring Stiffness on the Natural Frequencies

At the beginning of this section, we first investigate the effects of artificial boundary
spring stiffness on the natural frequencies of the FG three-phase composite cylindrical shell.
For this, the GPLs were distributed in the form of FG-X, the WGpl was 1%, the Vf was
10%, and the carbon fiber layup angle was [0, /90, /0,/90,]. The artificial boundary spring
stiffness was chosen as the independent variable to calculate the natural frequencies of
the cylindrical shell for the spring stiffness values, k, at both ends of 0, 103, 10°, 107, 1012,
and 10'°, respectively, as shown in Figure 5. We find that the first six orders of the natural
frequencies of the cylindrical shell increase with the increase in the spring stiffness at both
ends and then converge to a fixed value. The first six orders of the natural frequencies of
the cylindrical shell are approximately the same for a spring stiffness of 0: 10%, and 10°,
respectively. When the spring stiffness increases from 10° to 10%, the first six orders of
the natural frequencies increase significantly at the same time. When the spring stiffness
is increased to 10, the relative difference between the first three orders of the natural
frequencies of the cylindrical shell with a spring stiffness of 10'? are only 0.03%, 0.02%, and
0.03%, respectively. Since the relative difference between the two natural frequencies is
small enough, the natural frequencies can be considered to have converged. The spring

stiffness 10 can be taken as the clamped boundary condition at both ends.
400 - o
02
- a3
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Figure 5. The natural frequencies of the three-phase composite cylindrical shells corresponding to
different boundary spring stiffness.

Then, we studied the natural frequencies of the FG three-phase composite cylindrical
shell under three types of traditional boundary conditions by setting the corresponding
artificial boundary spring stiffness value. The three-phase composite material is the same
as above. The results are shown in Figure 6.

The first six orders of the natural frequencies of the FG three-phase composite cylin-
drical shell are highest under the clamped boundary conditions at both ends. Under the
simply supported boundary conditions at both ends, the first six orders of the natural fre-
quencies of the cylindrical shell are slightly lower than those under the clamped boundary
conditions at both ends, and the maximum relative difference between the two is only 6.8%.
In the free boundary condition at both ends, the first six orders of the natural frequencies of
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the cylindrical shell are much lower than those of the other two boundary conditions, and
the relative difference between the natural frequencies of the cylindrical shell under the
clamped boundary condition at both ends and the simply supported boundary condition
at both ends is 52.5% and 49.6%, respectively.

400 -
[ Cc-C
B s-s
F-F
300 |-

200

Frequency (Hz)

100

3 4
Order

Figure 6. The natural frequencies of the three-phase composite cylindrical shells under three types of

boundary conditions.

5.2. Effects of Reinforcements on the Natural Frequencies

We first chose GPL content as the independent variable. The natural frequencies of
the FG three-phase composite cylindrical shell were calculated to analyze the effects of
GPL content on the natural frequencies of the cylindrical shell. The results are shown in
Figure 7. For this, the GPLs were uniformly distributed, the boundary conditions were
clamped at both ends, the content of carbon fiber was 10%, and the carbon fiber layup angle
was [0,/90,/0,/90,].

In Figure 7, we find that the increase in GPL content significantly improves the first six
orders of the natural frequencies of the FG three-phase composite cylindrical shell. During
the gradual increase in WGpl from 0 to 1.5%, the first-order natural frequency increased by
104.092 Hz, with a total increase of 85.75% and a gradually decreasing gradient. In general,
the increase in GPL content has a greater effect on the third-order natural frequency than
the first two orders of the natural frequencies of the FG three-phase composite cylindrical
shell, and this has the greatest effect on the fifth-order natural frequencies of this cylindrical
shell. In Figure 7, the second and fifth orders of the natural frequencies show an interesting
and important pattern. When the WGpl is 0.25%, the turning point of the relationship curve
appears, and the second and third orders of the natural frequencies are very close to each
other, with a difference of only 1.65%. When the WGpl is 0.75%, the relationship curve also
has a turning point, and the fifth and sixth orders of the natural frequencies are very close,
with a difference of only 0.22%.
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Figure 7. The changes for natural frequencies of the three-phase composite cylindrical shells with the

increase in GPL mass fraction.

Next, the influences of the GPL FG distributions on the natural frequencies of the FG
three-phase composite cylindrical shell were studied when WGpl was 1%. The GPL FG
distribution was set as the independent variable, where the GPLs were distributed in four
forms: X, V, A, and O, respectively. The natural frequencies of the cylindrical shell are
calculated for the four GPL FG distributions.

Figure 8 shows the effect of the GPL functional gradient form on the natural frequency
of the FG three-phase composite cylindrical shell. It can be observed that the first six orders
of the natural frequencies of this cylindrical shell with the X-type GPL FG distributions
(FG-X) are the highest. In contrast, the first six orders of the natural frequencies of the cylin-
drical shell with the O-type GPL FG distributions (FG-O) are the lowest. Specifically, for
the first three orders of natural frequencies of the cylindrical shell, the natural frequencies
of the FG-X type increased by 16.38%, 24.51%, and 10.84% compared to the FG-O type.
Moreover, the first six orders of the natural frequencies of the cylindrical shell with the
FG-A and FG-V types are in between the FG-X and FG-O types. The reason may be that the
distribution of GPLs is concentrated on the upper and lower surfaces of the FG three-phase
composite cylindrical shell, resulting in a higher natural frequency, whereas the distribution
of GPLs is concentrated in the middle plane of the cylindrical shell structure, resulting in a
lower natural frequency.

Then, we investigated the effects of carbon fiber volume fraction (Vf) on the natural
frequencies of the FG three-phase composite cylindrical shell under the clamped-clamped
boundary condition. The WGpl was 1%. The carbon fiber layup angle was [0?1 / 902 / OZ / 902].
With the volume fraction of carbon fiber as the independent variable, the natural frequencies
of the cylindrical shell are calculated, and the results are shown in Figure 9. For this, the GPLs
were distributed in the epoxy matrix in the form of FG-X, FG-V, FG-A, and FG-O, respectively.
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Figure 8. The natural frequencies of the three-phase composite cylindrical shells corresponding to
four forms of GPL FG distributions.
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Figure 9. The changes of the natural frequencies of the three-phase composite cylindrical shells
with the increase in carbon fiber content. (a) FG-X three-phase composite cylindrical shell. (b) FG-V
three-phase composite cylindrical shell. (¢) FG-A three-phase composite cylindrical shell. (d) FG-O
three-phase composite cylindrical shell.

In Figure 9a, when the GPLs are distributed in the epoxy matrix in the form of FG-X,
the first six orders of the natural frequencies all increase significantly with the increase in
carbon fiber content. Among them, the first-order natural frequency increases from 212 Hz
to 277 Hz, corresponding to an increase of 30.66%. The second and third orders of the
natural frequencies are very close to each other. When the carbon fiber volume fractions are
0.3 and 0.4, the differences between the second and third orders of the natural frequencies
of the cylindrical shell are only 2.08% and 1.57%, respectively.

By using Figure 9b,c, we can study the influences of different carbon fiber volume
fractions on the natural frequencies of the cylindrical shell when the GPLs are distributed
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in the epoxy matrix in the form of FG-V and FG-A, respectively. The natural frequencies
of the cylindrical shell with FG-A are slightly higher than those with FG-V for any given
carbon fiber volume fraction. However, the distribution patterns of the first four orders
of the natural frequencies are similar in both FG distributions, and the first-order natural
frequency increases gradually and almost linearly. The second-order natural frequency
gradually approaches the third-order natural frequency with the increase in the carbon
fiber volume fraction. When the carbon fiber volume fractions are 0.3, 0.4, and 0.5, the
differences between the second and third orders of the natural frequencies of the cylindrical
shell with the FG-A type are only 2.07%, 0.90%, and 0.71%, respectively. In the FG-A HM,
the second and third orders of the natural frequencies are very close when the carbon fiber
volume fractions are 0.4 and 0.5, with differences of only 0.91% and 0.71%, respectively.

Figure 9d shows the effects of carbon fiber volume fraction on the natural frequencies
of the cylindrical shell when the HM is an FG-O form. During the process of increasing the
carbon fiber volume fraction from 0.1 to 0.2, the natural frequency increases significantly.
When the carbon fiber volume fraction is 0.5, the second and third orders of the natural
frequencies are very close to each other, with a difference of only 3.19%. The fifth and sixth
orders of the natural frequencies are also very close to each other when the carbon fiber
volume fraction is 0.3 and 0.4, differing by 6.50% and 6.59%, respectively.

Finally, Figure 10 represents the relationship between the carbon fiber layup angle
and the natural frequency of the cylindrical shell reinforced. The boundary conditions are
the same as above. The Vf was 0.1. In this paper, the direction of carbon fibers along the
axial direction of the cylindrical shell is noted as the 0° direction of the carbon fibers. The
carbon fiber layup angle was taken as the independent variable, where the carbon fiber
layup angles are [0,/0,/0,/0,], [90,/90,/90,/90,], [0,/0,/90,/90,], [0,/90,/0,/90,],
0,/90,/90,/0,], and [90, /0, /0, /90,].
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Figure 10. The natural frequencies of the three-phase composite cylindrical shells corresponding to
six types of carbon fiber layup angles.

In Figure 10, it can be seen that the highest value is found in the first six orders
of the natural frequencies of the three-phase composite cylindrical shell reinforced with
[90,/90,/90,/90,] as the carbon fiber layup angle. The lowest values are found in the first
six orders of the three-phase composite cylindrical shell reinforced with [0,/0,/0,/0,] as
the carbon fiber layup angle. The different carbon fiber layup angles have little effect on the
first, third, fifth, and sixth orders of the natural frequencies. The second and fourth orders
of the natural frequencies change significantly with the change in carbon fiber layup angles.
Moreover, some interesting and important results can be found; for the FG three-phase
composite cylindrical shell, carbon fibers laid at symmetrical angles—90° at the top and
bottom surfaces of the shell and 0° at the middle surface—result in the highest second and
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fourth orders of the natural frequencies. On the contrary, laying 0° carbon fibers at the top
and bottom surfaces of the cylindrical shell and 90° carbon fibers at the middle surface
results in the lowest second and fourth orders of the natural frequencies.

6. Conclusions

This paper focuses on the free vibrations of a new FG three-phase composite cylindri-
cal shell reinforced synergistically with GPLs and carbon fibers. This new FG three-phase
composite cylindrical shell integrates the advantages of a carbon fiber-reinforced composite
structure and an FG-reinforced composite structure. In this paper, the equivalent mechan-
ical properties of the FG three-phase composite material are calculated. We derive the
governing equations for the free vibrations of the FG three-phase composite cylindrical
shell, and the analytical solutions of the natural frequencies of this three-phase composite
cylindrical shell are obtained. On this basis, we deeply analyzed the influences of different
factors on the free vibrations of FG three-phase composite cylindrical shells reinforced
synergistically with GPLs and carbon fibers, including the boundary spring stiffness, GPL
mass fraction, GPL FG distributions, carbon fiber content, and the carbon fiber layup angle.
The following conclusions are obtained:

(1) Boundary spring stiffness has a significant impact on the natural frequencies of the
three-phase composite cylindrical shell. The natural frequencies of the three-phase
composite cylindrical shell reach a maximum under the sufficiently large spring
stiffness corresponding to the boundary condition when clamped at both ends. When
the boundary spring stiffness is 0, that is, the corresponding free boundary condition is
at both ends, then the natural frequencies of the FG three-phase composite cylindrical
shell is minimum, which is far lower than the natural frequency of the three-phase
composite cylindrical shell under the other two boundary conditions of clamped
and simple-support.

(2) The synergistic enhancement of GPLs and carbon fibers can greatly increase the
natural frequencies of the composite cylindrical shell. Among these, GPLs can play a
more obvious strengthening role than carbon fibers. We know that too many GPLs
may increase the possibility of aggregation, but only a small amount of GPLs can
significantly enhance the composite cylindrical shell.

(3) The four FG GPL distributions have different effects on the natural frequencies of the
FG three-phase composite cylindrical shell. When GPLs are distributed in the X-type
FG form, each order of the natural frequency of the three-phase composite cylindrical
shell is higher than those of the other three FG distributions, whereas each order of
the natural frequency of the three-phase composite cylindrical shell is lower when
GPLs are distributed in the O-type FG form.

(4) Carbon fiber is another important reinforcement material in the three-phase composite
cylindrical shell, and its laying angle can also significantly affect the natural frequen-
cies of the three-phase composite cylindrical shell. If carbon fibers are distributed
along the axis of this cylindrical shell, each order of the natural frequency of the
three-phase composite cylindrical shell is higher, whereas each order of the natural
frequency of the three-phase composite cylindrical shell is lower when the carbon
fibers are distributed along the circumferential direction.
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