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A B S T R A C T

Owing to their superior mechanical properties, e.g. exceptionally high Young’s modulus, high strength, large
specific surface area, and good thermal conductivity, graphene and its derivatives such as graphene platelets
(GPLs) are excellent reinforcing nanofillers for composite materials. The most recently developed functionally
graded graphene platelets reinforced composite (FG-GPLRC) where GPLs are non-uniformly dispersed with more
GPLs in the area where they are most needed to achieve significantly improved mechanical performance has
opened up a new avenue for the development of next generation structural forms with an excellent combination
of high stiffness, light weight and multi-functionality. Research activities in this emerging area have been rapidly
increasing since it was first proposed in 2017. The present paper (i) briefly reviews the mechanical properties of
graphene and graphene composites; (ii) summarizes the characteristics of functionally graded materials (FGM)
and reports the fabrication of FG-GPLRC; (iii) discusses the existing micromechanics models for the prediction of
effective mechanical properties of GPLRC; (iv) presents a comprehensive review on the mechanical analyses of
FG-GPLRC structures; and (v) discuss the key technical challenges and future research directions.

1. Introduction

Carbonaceous nanomaterials with unique mechanical properties
have shown tremendous potentials to be used as reinforcement fillers in
developing advanced nanocomposites. Carbon nanotubes (CNTs) have
attracted a lot of attention since it was discovered by Iijima in 1991
because of their very high mechanical strength (approximately 100
times greater than that of steel) and elastic modulus (around 1 TPa) as
well as excellent electrical and thermal conductivities [1]. Large aspect
ratio (1–10 nm in diameters and in the order of millimeters in length
[2]) is another merit which makes it a promising candidate as re-
inforcement material for composites [3,4]. More recently, graphene
which is a single-atom thick sheet of sp2 hybridized carbon atoms with
exceptionally high elastic modulus, tensile strength and very large
specific surface area (about 3 times that of CNTs or even bigger) has
inspired huge interests among research and industry communities since
its discovery by Novoselov et al. in 2004 [5]. It has been reported in
many experimental studies that graphene reinforced nanocomposites
exhibit significant improvement in mechanical properties as compared
to carbon nanotube composites [6].

Functionally graded materials (FGMs) are characterized by a con-
tinuous spatial gradient in both material composition and properties

which are designable and can be tailored to meet the desired structural
performance of the composite [7,8]. Since the novel multilayer func-
tionally graded (FG) graphene platelets (GPLs) reinforced composites
(FG-GPLRC) was first proposed by Yang and his coworkers [9–11], the
mechanical behaviors of FG composites reinforced by GPLs or graphene
sheets under various loading conditions have been an area of extensive
research efforts worldwide. This is evidenced by a fast growing number
of publications and citations in this research field over the past three
years. As can be seen from Fig. 1a that is based on the data from Web of
Science as of 8 January 2020, the total number of publications increases
from 26 in 2017 to 140 in 2019 and the citations on the papers pub-
lished in 2017 amounts to about 1700. The geographical distribution of
the publications in Fig. 1b shows that the Asia and Pacific region is the
home of the majority of the research activities in this area with more
than 90% of the published works from this region.

This review article is organized as follows. Section 2 briefly in-
troduces the mechanical features of graphene, graphene-based nano-
composites and FGMs. Section 3 reviews and compares micromechanics
based models for the determination of effective material properties of
grapehen or GPL reinforced composites. Section 4 present a compre-
hensive review on the state-of-the-art on the mechanical analyses of FG-
GPLRC structures such as beams, arches, plates, shells subjected to
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various loading conditions, followed by Section 5 in which key tech-
nical challenges and future research directions in this emerging area are
discussed and identified.

2. Mechanical characteristics of graphene, graphene-based
composites and FGMs

2.1. Mechanical properties of graphene

Graphene, a monolayer 2D honeycomb lattice structure composed
of carbon atoms as shown in Fig. 2, is the basic structural element of all
other graphitic carbon allotropes for different dimensionalities [12].
For instance, a graphene sheet can be wrapped up to form a zero-di-
mensional (0D) fullerene namely buckyball or rolled into a 1D cylinder
of carbon allotropes, i.e. carbon nanotubes. Stacking different number
of graphene sheets together, single layer graphene, few layer graphene,
graphene platelets, or graphite (3D carbon allotrope) can be obtained
[12,13].

Graphene possesses many fascinating physical and mechanical
properties, such as exceptionally high Young’s modulus, high strength,
and excellent thermal conductivity [14]. Lee et al. [15] first measured
the elastic properties and intrinsic strength of monolayer graphene
using nano-indentation method in an atomic force microscope (AFM).
They found that the Young’s modulus of graphene is 1 ± 0.1 TPa and
the intrinsic strength is 130 ± 10 GPa that are much higher than those
of traditional metallic materials. These results are very close to the
predicted values (Young’s modulus E= 1.05 TPa and intrinsic strength
is 121 GPa) based on density functional perturbation theory (DFPT)
[16]. Table 1 summarizes the Young’s modulus of graphene sheet ex-
perimentally measured or predicted through theoretical models that are

available in open literature. It can be observed that the Young’s mod-
ulus of graphene is about 1 TPa.

2.2. Mechanical properties of graphene-based composites

Due to its aforementioned exceptional mechanical properties, gra-
phene has been widely used as the reinforcing nanofillers for polymer
or metal based composites to achieve significantly improved mechan-
ical performance. The performances of graphene reinforced composites
depend strongly on nanofillers’ dispersity. The most commonly used
method to disperse graphene into polymer for synthesizing graphene-
polymer composites include in situ polymerization processing, solution
mixing processing and melt blending processing [23–27] while liquid
metallurgy processing, powder metallurgy processing, electrochemical
deposition processing, etc. [25,26,28–30] have been developed to dis-
perse graphene into metal to fabricate graphene-metal composites.

Table 2 lists the percentage increase in both Young’s modulus and
tensile strength of polymeric and metallic nanocomposites with respect
to their neat matrix counterparts due to the use of a very low con-
centration of graphene and its derivatives in terms of volume fraction
(vol.%) or weight fraction (wt.%). xGnP, FG, GO, GPL, G, rGO, and GNS
stand for exfoliated graphene nanoplatelets, functionalized graphene,
graphene oxide, graphene nanoplatelets, graphene, reduced graphene
oxide, and graphene nanosheets, respectively. Significant reinforcing
effect can be observed from these experimental results. Since graphene
and its derivatives are prone to agglomeration and poor dispersion,
especially at a high concentration and this eventually lead to con-
siderably deteriorated mechanical properties, only a low concentration
(wt.%<1 ~ 3%) has been used in graphene nanocomposites.

2.3. Characteristics of FGMs

Functionally graded materials (FGMs) are non-homogenous com-
posite materials in which the material composition and/or micro-
structure gradually change along one or more directions, leading to a
continuous variation in mechanical, electrical and thermal properties of
the material. The idea of functionally graded materials with composi-
tional and structural gradients for polymeric materials was first pro-
posed by Bever et al. [48,49] in 1972. The design and successful fab-
rication of functionally graded metal/ceramic thermal coating structure
was reported by a group of Japanese scientists for hypersonic space
plane in 1987 which has excellent resistance against high thermal flux
and at the same time good capability of maintaining structural integrity
and safety [50,51].

Compared with traditional composite structures, FGMs offer the
following unique advantages: (i) the interfacial cracking or debonding
caused by the stress concentration due to the abrupt change in material
properties at the interface between two distinct materials that is very
common in laminated composite structures can be effectively alleviated
or eventually eliminated; (ii) the structure is multifunctional and can
meet multiple different performance requirements simultaneously; and
(iii) it can be used to develop advanced lightweight structures by
making the best use of the material potentials.

The functionally graded structure reinforced with nanofillers can be
formed through a gradient in the volume fraction, size, shape, or or-
ientation of the nanofillers dispersed in the matrix, as shown in Fig. 3a-
d [7]. Fig. 3e illustrates an ideal FGM in which the mixture of two
distinct material phases changes continuously and smoothly from one
side to another. Unfortunately, such an FGM is impossible to achieve
due to the constraints of current manufacturing technology. As an al-
ternative, a multilayer structure shown in Fig. 3f that consists of a
number of layers in which the mixing ratio of constituent materials
follows a layer-wise variation can be used as an excellent approxima-
tion of the ideal FGM structure when the total number of layers is
sufficiently large.
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Fig. 1. (a) The total number of publications on functionally graded graphene
reinforced structures and citations received; (b) geographical distribution of the
research works in the research field by country (data from Web of Science, as of
January 2020).
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2.4. Functionally graded graphene reinforced composites

Introducing the FGM concept into graphene based nanocomposites,
Yang and his coworkers [9–11] proposed a novel class of multilayer
functionally graded graphene platelets reinforced composites (FG-
GPLRC) in which GPLs are randomly and uniformly distributed in each
individual layer but its weight fraction changes in a layer-wise manner
across the thickness direction. Their pioneering works on the static
bending, free vibration and elastic buckling of FG-GPLRC beams in-
dicate that their mechanical performances remarkably outperform their
counterparts where GPLs are uniformly dispersed in the matrix. They
have also developed a two-step approach as illustrated in Fig. 4a for the
fabrication of FG-GPLRC which starts with the preparation of GPL na-
nofillers and epoxy matrix compound then mixing GPLs and epoxy
through an appropriate dispersing and blending process. The well-
mixed nanocomposite liquid is cast into a mold to obtain the first layer
with a pre-designed GPL weight fraction. The above process is repeated
to obtain the second single layer with a different GPL weight fraction.
These two layers are bonded together through hot pressing before they
are fully cured. Following this process to obtain and bond more single
layers together sequentially, the multilayer FG-GPLRC can be fabri-
cated. Fig. 4b shows the 6-layer FG-GPLRC sample that has been suc-
cessfully fabricated through this two-step process and its tensile

specimen prepared according to ASTM standards.

3. Micromechanics based models of effective material properties

Several micromechanics based models that take into account the
effects of physical properties and/or geometric parameters of individual
phase components have been developed and widely employed for the
prediction of effective macroscopic mechanical properties of hetero-
geneous composite materials. These models include the rule of mixture
(ROM) [52,53], shear-lag theory [54], Halpin-Tsai model [55,56],
Eshelby’s theory [57], Mori-Tanaka model [58], self-consistent model
[59], Hashin-Shtrikman’s theory [60,61], thermo-elastic model
[62–64], effective medium theory model [65,66], etc.

3.1. Rule of mixture (ROM)

The ROM is the simplest model to predict the elastic properties of
composite materials reinforced with unidirectional continuous fillers.
According to Voigt’s assumption of isostrain, the longitudinal modulus
E11 can be obtained as= +E E V E Vf f m m11 (1)
where Ef (Em) and Vf (Vm) are the modulus and volume fractions of the
filler (matrix), respectively.

To calculate the transverse elastic modulus of the composite, the
transverse stress is considered to be equal in both the filler and the
matrix according to Reuss’s assumption. Accordingly, the transverse
modulus E22 can be determined by the inverse rule of mixture (IROM),

= +
E

V
E

V
E

1 f

f

m

m22 (2)
For all nanofiller reinforced composites, the Young’s modulus will

be between the values predicted by the ROM and the IROM equation
[67]. In another words, the Voigt model and Reuss model give the
upper and lower bounds of the Young’s modulus of the composites,
respectively.

The in-plane shear modulus G12 can be derived using the similar
method, i.e., based on equal shear stress assumption, as

= +
G

V
G

V
G

1 f

f

m

m12 (3)

Fig. 2. From 2D graphene to 0D fullerene, 1D carbon nanotube and 3D graphite.

Table 1
Experimentally measured or theoretically predicted Young’s modulus E of
monolayer graphene.
Method Thickness E (TPa) Publications

Experimental measurements
Atomic Force Microscope t = 0.335 nm 1 ± 0.1 Lee et al. [15]
Phonon Dispersion t = 0.335 nm 1.020 Politano et al. [17]
Pressurized Blister Test t = 0.335 nm 1.036 Koenig et al. [18]
Theoretical predications
Ab Initio Study t = 0.34 nm 1.110 Lier et al. [19]
Structural Mechanics based

model
t = 0.34 nm 1.033 Li and Chou [20]

Density Functional
Perturbation Theory

t = 0.334 nm 1.050 Liu et al. [16]

Continuum Mechanics t = 0.34 nm 1.040 Shokrieh & Rafiee
[21]Finite Element Method 1.140

Molecular Dynamics
Simulation

t = 0.334 nm 1.150 Kvashnin and Sorokin
[22]
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where Gf and Gm are the shear moduli of the filler and the matrix, re-
spectively.

It is noted that E11, E22, and G12 are elastic and shear moduli of the
composites reinforced with aligned continuous fillers. For composites
with randomly oriented fillers, its Young’s modulus Ec and shear
modulus Gc can be calculated by [52],

+E E E3
8

5
8c 11 22 (4)

+G E E1
8

1
4c 11 22 (5)

The ROM model can also be used to predict the Poisson’s ratio νc,
mass density ρc and thermal expansion coefficient αc,= +V Vc f f m m (6)

= +V Vc f f m m (7)

= +V Vc f f m m (8)

in which νf, ρf, and αf (νm, ρm, and αm) are Poisson’s ratio, mass density,
and thermal expansion coefficient of fillers (matrixes), respectively.

Table 2
Percentage increase in Young’s modulus and tensile strength of graphene based composites.
Matrix Nanofiller Concentration Fabrication Process % increase Publications

Young’sModulus Tensile Strength

Polymer matrix
PP xGnP-1 1 vol% Melt 21 ~ Kalaitzidou et al. [31,32]

2 vol% 33 ~
3 vol% 40 ~

PMMA FG 1 wt% Solution 80 ~ Ramanathan et al. [33]
PVA GO 0.7 wt% Solution 62 76 Liang et al. [34]
Epoxy GPL 0.1 wt% Solution 31 40 Rafiee et al. [35]
PP G 0.42 vol% Melt 74 75 Song et al. [36]
Epoxy FG 0.1 wt% Melt 18 22 Naebe et al. [37]
Epoxy GO 0.3 wt% Solution 72 66 Pathak et al. [38]
PVA GO 0.5 wt% Solution 25 44 Wang et al. [39]

rGO 0.3 wt% 32 48
Metal Matrix
Al GNS 0.3 wt% Powder ~ 62 Wang et al. [40]
Cu rGO 2.5 vol% Mixing 30 30 Hwang et al. [41]
Al rGO 0.75 vol% Powder 8 29 Li et al. [42]

1.5 vol% 21 50
Al G 1 wt% Melt 36 15 Yolshina et al. [43]

2 wt% 45 16
Cu GNP 0.5 vol% Powder ~ 49 Zhang and Zhan [44]
Ni ~ 65
Cu Gr 1.6 vol% In situ 18 40 Cao et al. [45]

2.5 vol% 25 73
Ni G 3 wt% In situ ~ 310 Jiang et al. [46]
AZ91 GNS 0.1 wt% Powder ~ 28 Yuan et al. [47]

0.3 wt% ~ 48
0.5 wt% ~ 56

(a) Gradient in concentration (b) Gradient in size (c) Gradient in shape 

(d) Gradient in orientation (e) Continuous gradient (f) Layerwise gradient 
Fig. 3. Different types of FGM structures.
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3.2. Modified rule of mixture

As mentioned in previous section, elastic modulus E11 is deduced by
ROM without considering the orientation and size of the filler.
Therefore, a modified rule of mixture (MROM) has been proposed to
predict the Young’s modulus of composites reinforced by randomly
distributed short discontinuous fillers.= +E E V E Vc f f m m0 1 (9)
where η0 denotes the filler orientation distribution factor; and η1 is the
filler length distribution factor.

The filler orientation distribution factor η0 can be expressed as [68],= cos ( )

0

4

0

(10)
where α0 is the filler orientation limit angle. The factor is equal to 1 for
oriented fillers and 1/5 for randomly aligned fillers. Hence, the random
orientation of the filler would lead to a reduced modulus.

Cox [54] derived the filler length distribution factor η1 based on the
shear-lag theory which is one of the most commonly used theory to
predict the modulus of a randomly aligned discontinuous filler

reinforced composite. This model is also named Cox model or shear-lag
model. The length distribution factor η1 for short filler can be obtained
by,

= s
s

 1 tanh( )
1 (11)
where s is the aspect ratio of fillers, and shear parameter β denotes the
coefficient of stress concentration rate at the end of the fillers, which is
given by

= + E
E V

2
(1 ) ln(1 )

m

f m f (12)
where νm is the Poisson’s ratio of the matrix. The length distribution
factor η1 takes values from 0 to 1, and is equal to 1 for a continuous
filler.

3.3. Halpin-Tsai model

Halpin-Tsai model [55,56] is a semi-empirical method to predict the
elastic properties of fibre reinforced composites. This model can take

Fig. 4. (a) Two-step fabrication process of FG-GPLRC; and (b) a 6-layer FG-GPLRC sample and 6-layer ASTM tensile specimen.
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into consideration the geometric characteristics and the orientation of
the filler that would considerably affect the reinforcing efficiency. The
longitudinal modulus E11, the transverse modulus E22, and the shear
modulus G12 can be obtained as,

= +
E

V
V

E
1
1

f

f
m11

11 11

11 (13a)

= +
E

V
V

E
1
1

f

f
m22

22 22

22 (13b)

=G
V
G1

1 f
m12

12 (13c)
where η11, η22 and η12 takes the following expression,

= +E E
E E
( ) 1
( )

f m

f m
11

11 (14a)

= +E E
E E
( ) 1
( )

f m

f m
22

22 (14b)

= G G
G G

( ) 1f m

f m
12 (14c)
in which ξ11 and ξ22 are the shape size parameters along longitudinal
and transverse directions. The reinforcement geometry factors have
different expressions for different reinforcement shape. For platelets or
lamellar-shaped fillers, ξ11 and ξ22 are defined as [9–11,56],= l t2( )11 (15a)

= w t2( )22 (15b)
where l, w, and t represent the length, width and thickness of the rec-
tangular filler, respectively. For cylindrical filler, thickness t should be
changed to diameter d in Eq. (15), and w= t= d. Hence, ξ11 = 2(l/d),
ξ22 = 2 [56].

Submitting Eqs (13)–(15) into Eq. (4), the Young’s modulus of the
composite with randomly oriented reinforcement is given by,

= + + +
E

V
V

E
V
V

E3
8
1
1

5
8
1
1c

f

f
m

f

f
m

11 11

11

22 22

22 (16)

3.3.1. Modified Halpin-Tsai model
It should be pointed out that all of the aforementioned existing

models do not consider the effects of temperature [69,70], graphene
defects [69,71,72], chemical functionalization of graphene fillers [72],
etc., which play an important role in the reinforcement effectiveness of
nanofillers. These models, therefore, should be modified to address this
important issue. Based on extensive molecular dynamics simulation
results, Sun et al. [69] introduced modification functions fii(T) and gii(δ)
(i= 1, 2) to reflect the influences of the temperature and atom vacancy
defects into the Halpin-Tsai model as

= + + +
E

V
V

f T g E
V
V

f T g E3
8
1
1

( ) ( ) 5
8
1
1

( ) ( )c
f

f
m

f

f
m

11 11

11
11 11

22 22

22
22 22

(17)
Their study indicated that the modified Halpin-Tsai model gives

results in excellent agreement with MD simulation results while the
original Halpin-Tsai model significantly overestimates the Young’s
modulus and this error tends to be much bigger as GPL weight fraction
increases, in particular, when wt.%>0.5%.

By introducing three graphene efficiency parameters into the
Halpin-Tsai model and matching the elastic moduli of graphene re-
inforced composite obtained by MD simulation and the model, Shen
et al. [73–77] proposed another modified version for Halpin-Tsai model
as below,

= +
E

V
V

E
1
1

f

f
m11 1

11 11

11 (18a)

= +
E

V
V

E
1
1

f

f
m22 2

22 22

22 (18b)

=G
V
G1

1 f
m12 3

12 (18c)
where γj (j = 1, 2, 3) are the graphene efficiency parameters.

It is worthy of noting that the modified model in Eq. (17) is for
composites in which graphene sheets or GPLs are randomly oriented
and uniformly dispersed hence the composite is macroscopically iso-
tropic whereas Eq. (18) is for composites reinforced with aligned gra-
phene sheets and considered to be anisotropic due to the slight aniso-
tropy of the graphene sheet.

Rafiee et al. [35] also modified the Halpin-Tsai model (Equation 13)
by changing the shape size parameters ξ11 and ξ22 to predict the
Young’s modulus of graphene reinforced nanocomposites according to
their experimental results. The modified parameters are given as

= +w l
t

2 ( ) 2
11 (19a)

= 222 (19b)

3.4. Mori-Tanaka model

Mori-Tanaka model [58,78] is widely used for particle reinforced
composites. The Young’s modulus Ec and Poisson’s ratio νc are eval-
uated through the following equations,

= +E K G
K G
9

3c
c c

c c (20a)

= +K G
K G
3 2
6 2c

c c

c c (20b)
where Kc and Gc are the bulk modulus and shear modulus of compo-
sites, which are given as,

= + + +K K
V K K

V K K K G
( )

1 (1 )[3( ) (3 4 )]c m
f f m

f f m m m (21a)

= + + +G G
V G G

V G G G f
( )

1 (1 )[( ) ( )]c m
f f m

f f m f m (21b)
in which

= ++f G K G
K G
(9 8 )

6( 2 )m
m m m

m m (22a)

= = = + = +K E K
E

G E G
E

3(1 2 )
,

3(1 2 )
,

2(1 )
,

2(1 )m
m

m
f

f

f
m

m

m
f

f

f

(22b)
More detailed descriptions of this model can be found in Refs

[58,78].
This model was modified by Tandon and Weng [79] by combining

Eshelby’s theory [57] and Mori-Tanaka’s theory [58]. The longitudinal
modulus E11 and transverse modulus E22 can then be expressed as,

= + +E
V A v A A

E1
1 ( 2 )f m

m11
1 2 (23a)

= + + + +E
V A A A A A

E1
1 [ 2 (1 ) (1 ) ] 2f m m m

m22
3 4 5 (23b)

where the expressions of the parameters A and An are given in Ref. [79].
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3.5. Thermoelastic model

(1) Thermal expansion coefficient

Thermal expansion coefficient is an important thermal property in
the determination of the thermo-mechanical behavior of FG-GPLRC
subjected to a temperature change. According to Schapery model [62],
the longitudinal thermal expansion coefficient α11 and the transverse
thermal expansion coefficient α22 of graphene reinforced composite are
given by [73,74,80],

= ++V E V E
V E V E

f f f m m m

f f m m
11 (24a)

= + + +V V(1 ) (1 )f f f m m m c22 11 (24b)
Other models that have been used to calculate the thermal expan-

sion coefficient of the composite include ROM, Turner model [81],
Kerner’s model [82], Rosen and Hashin’s theory [83], etc.

(2) Thermal conductivity

The thermal conductivity kc of composites reinforced by randomly
dispersed nanofillers can be obtained based on the micromechanics
theory [63,64]. Yang et al. [84–86] used this thermal conductivity
model to analyze the thermoelastic behaviors of FG-GPLRC plates.

= + + + +k
k

V
H k k H k k

1
3

2
1 ( 1)

1
(1 ) 2 1 ( 1)

c

m

f

x m z m

(25)
in which km is the thermal conductivity of the matrix, H indicates the
geometrical factor depending on the aspect ratio (s= l/t), kx and kz are
the thermal conductivities of the filler along in-plane and through-
thickness directions, respectively, which are given below,

= +H s s s
s s

ln[( 1 ) ]
( 1)

1
1

2

2 3 2 (26a)

= + = +k

k

R k l

k

k

R k t2 1
,

2 1x

f

k f

z

f

k f (26b)
where kf represents the intrinsic thermal conductivity of the filler along
in-plane direction and Rk is an average interfacial thermal resistance
between the fillers and matrix.

3.6. Effective medium theory

In comparison with the micromechanics models reviewed above,
the effective medium theory is capable of predicting both elastic and
dielectric properties [65,66]. Wang et al. [87–89] employed this model
to predict the effective elastic modulus and dielectric permittivity of
GPLRC dielectric beams.

(1) Effective elastic modulus

The effective Young’s modulus of the composite can be derived by,

+ + + ==V E E
E E E

V
E E

E S E E(1 3)( )
1
3 ( )

0m
m c

c m c
f
k

f
kk

c

c kk
f
kk

c1

3

(27)
where Efkk is the Young’s modulus of fillers; the superscript kk indicates
the directions, e.g. Ef11 and Ef22 are the in-plane Young’s modulus and Ef33
is the out-plane Young’s modulus of fillers; Skk is the Eshelby’s tensor
which depends on the aspect ratio of nanofillers and can be expressed as
the following form by treating reinforcing fillers as thin oblate spheroid
shape [65,66],

= = <>S S
s s s s

s s s s

[arccos (1 ) ], 1

[ ( 1) arccos ], 1

s
s
s

s
11 22

2(1 )

2 1 2

2( 1)

2 1 2

2 3 2

2 3 2 (28a)=S S1 233 22 (28b)
in which s is the aspect ratio of fillers.

(2) Effective dielectric permittivity

In addition, the effective dielectric permittivity can be obtained as,

+ + + ==V V
S(1 3)( )

1
3 ( )

0m
m c

c m c
f
k

f
kk

c

c kk
f
kk

c1

3

(29)
where ¯ denotes complex electrical conductivity that is comprised of
two parts, i.e. real part and imaginary part,= + f j2 AC (30)
in which the first term σ is the direct current (DC) conductivity and the
second imaginary part is the alternating current (AC) conductivity with
fAC being AC frequency of the electric field and ε being the dielectric
permittivity of materials.

3.7. Comparisons of micromechanics models

In order to illustrate the performance of these models, Table 3
compares the Young’s modulus results of GPL/epoxy composite pre-
dicted by micromechanics models against the experimental data [35].
The material parameters used are [35]: Em = 2.85 GPa, ρm = 1.18 g/
cm3, νm = 0.3 for epoxy matrix and EGPL = 1.01 TPa, ρGPL = 1.06 g/
cm3, νGPL = 0.186 for GPLs with length l= 2.5 μm, width w= 1.5 μm,
and thickness t = 1.5 nm; the GPL volume fraction at 0.1 wt% is
0.112 vol%.

Rafiee et al. [35] fabricated GPL reinforced epoxy nanocomposite
and experimentally reported that its Young’s modulus is 31% higher
than that of the pristine epoxy. The theoretical prediction based on the
Halpin-Tsai model modified by Rafiee et al. [35] is 3.23 GPa, which is
13.6% lower than the experimental result (3.74 GPa) while the Halpin-
Tsai model modified by Yang et al. [9–11] gives much more accurate
result that is only 2.4% higher than the experimental data. Hence, this
model has been well accepted and extensively used to calculate the
elastic modulus of GPLRC, as summarized in Table A1 in Appendix.

It should be mentioned that Mori-Tanaka model is for particle re-
inforced composites rather than cylindrical or plate-like fillers re-
inforced composites [78,90]. The effects of GPL geometry and size are
not included in ROM and Mori-Tanaka model but are considered in
Halpin-Tsai model. The geometry factor in the Halpin-Tsai model
modified by Rafiee et al. [35] is taken as ξ22 = 2 for short circular fiber
nanofillers [56] but this value is invalid for graphene platelets and
should be calculated according to Eq. (15). The thermo-elastic model
can be employed to predict the thermal expansion coefficient and

Table 3
Young’s modulus (GPa) of GPL/epoxy composite (0.1 wt%) predicted by dif-
ferent micromechanics models.
Theoretical models Theoretical Experimental [35] Error (%)

Modified Halpin-Tsai model
(Rafiee) [35]

3.23 3.74 GPa −13.6

Rule of mixture 3.28 −12.3
Modified rule of mixture 3.07 −17.9
Modified Halpin-Tsai model

(Yang) [9–11]
3.83 2.4

Mori-Tanaka model 3.37 −9.9

Note: The results by rule of mixture, modified rule of mixture, modified Halpin-
Tsai model (Yang) and Mori-Tanaka model are calculated using the material
parameters given above.

S. Zhao, et al.



thermal conductivity needed to study the mechanical behaviors of FG-
GPLRC structures in thermal environments. The effective medium
theory, however, can be used to determine the elastic properties to-
gether with the electrical attributes of GPL reinforced dielectric struc-
tures.

4. Mechanical analyses of FG-GPLRC structures

This section presents a comprehensive review on the analytical and
numerical investigations on various mechanical behaviors of function-
ally graded graphene reinforced beams, arches, plates, and shells within
the framework of three-dimensional elasticity theory or simplified one-
dimensional (beams and arches) and two-dimensional (plates and
shells) theories, with a particular focus on FG-GPLRC structures con-
sidering that the majority of the research works reported so far are
concerned with this type of structures. The theoretical frameworks
adopted in open literature are summarized in Table A2 in Appendix.

4.1. Linear bending analysis

4.1.1. Curved beams
Arefi et al. [91] presented a parametric study on the bending be-

havior of FG-GPLRC curved nanobeams by means of the first-order
shear deformation theory (FSDT) and the nonlocal elasticity theory.
Their results showed that the bending behaviors of curved beams are
considerably affected by GPL weight fraction and its geometry. Polit
et al. [92,93] studied the bending and stability behavior of the func-
tionally graded porous (FGP) GPLRC curved beams based on a higher-
order model considering thickness stretch effect and compared the
deflection and stress solutions of the beam with those using other
theories.

4.1.2. Plates
Based on the FSDT and by employing Navier’s solution technique,

Song et al. [94] presented the static bending analysis of multilayer FG-
GPLRC plates. Li et al. [95] studied the static behavior of FGP plates
reinforced with GPLs based on an isogemetric analysis within the fra-
mework of both FSDT and third-order shear deformation plate theories
(TSDT). Furthermore, Zhao et al. [96] analyzed the static bending be-
haviors of FG-GPLRC trapezoidal plates by using the finite element
method (FEM). Their results demonstrated that distributing more GPLs
near the top and bottom surfaces of the plate is the most effective way
in reinforcing the plate stiffness.

Different from the above mentioned investigations based on the
Halpin-Tsai model [56], Garcia-Macias et al. [97] estimated the mac-
roscopic elastic modulus of GPL reinforced composites by using the

Mori-Tanaka model [58] and evaluated the load bearing capacity of
GPLRC plates under static bending.

For FG-GPLRC structures under combined thermal-mechanical
loading, Yang et al. [84–86] derived three-dimensional elasticity solu-
tions for both bending deformation and stress distributions of FG-
GPLRC rectangular plate, circular plate, annular plate and elliptical
plate by employing the generalized Main-Spencer’s method. The plates
are subjected to a combined action of a uniformly distribution trans-
verse load and a through-thickness steady temperature field. They
found that dispersing GPL nanofillers according to FGX pattern, which
does yield the smallest deflection, leads to very high bending stress as
well. A modified FGX pattern that is capable of producing low deflec-
tion and stress results simultaneously was then suggested.

4.2. Nonlinear bending analysis

4.2.1. Beams
Feng et al. [9] first studied the nonlinear bending behavior of

multilayer polymer composite beams with GPLs reinforcement based on
Timoshenko beam theory and von Kármán geometric nonlinearity. It
was found that the most effective way to improve the bending re-
sistance is adding more GPLs near the top and bottom surfaces of the
beam (Pattern 3), as shown in Fig. 5. Sahmani et al. [98] investigated
nonlinear bending of porous micro/nano beams with graphene re-
inforcements by using nonlocal strain gradient theory. Rafiee et al. [99]
developed a mathematical model to evaluate the effective material
properties of GPLs/fiber/polymer multiscale composites and analyzed
nonlinear behaviors of multiscale fiber-reinforced graphene composite
beams. Shen et al. [73] investigated the large deflection behavior of
graphene reinforced laminated beams and discussed the effects of
temperature variation on the nonlinear bending of beams. The results
shows that the GPLs reinforcement and the temperature changes have
important impacts on the nonlinear bending behaviors of the beams.

For electro-mechanical performance of an FG-GPLRC beam with
dielectric permittivity, Wang et al. [87] studied the dependency of its
nonlinear bending behavior on the attributes of GPLs and the applied
electrical field. Their results revealed that the AC frequency can dra-
matically change the structural behaviors of the beam, indicating the
great potential of FG-GPLRC in smart structures and control.

4.2.2. Arches
In addition, nonlinear behaviors of FG-GPLRC porous arch struc-

tures were investigated by Liu et al. [100], which confirmed that the
bending deformation of the arch is significantly reduced by using GPL
reinforcements. The porosity distribution also plays an important role
in its structural performance. Among the porosity distributions

Fig. 5. Effect of GPL distribution pattern on nonlinear bending behaviors of H-H nanocomposite beams (a) Deflection; (b) Normal stres. [9].
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considered in their study, the asymmetric porosity distribution gives the
smallest deformation.

4.2.3. Plates
The geometrically nonlinear bending of FG-GPLRC trapezoidal

plates was studied by Zhao et al. [101] based on the finite element
method. Gholami and Ansari [102] studied the nonlinear bending of
FG-GPLRC rectangular plates. Guo et al. [103] presented the nonlinear
analysis of GPLRC quadrilateral plates using the element-free IMLS-Ritz
method and concluded that the deflection of a quadrilateral plate is
smaller than that of a square plate. By employing Reddy’s third order
shear deformation theory and a two-step perturbation method, Shen
et al. [75,104] studied the nonlinear thermo-mechanical bending of
functionally graded graphene reinforced laminated plates and cylind-
rical panels resting on an elastic foundation subjected to a temperature
variation together with a transverse uniform or sinusoidal load.

4.3. Buckling analysis

4.3.1. Beams
Buckling performance is of crucial importance for structures under

compression. Kitipornchai et al. [105] reported the buckling behavior
of FGP beams reinforced by GPLs. Their results indicate that the critical
buckling load of the porous beam can be effectively improved when
both GPL dispersion and porosity distribution pattern are non-uniform
and symmetric. Jiao and Alavi [106] discussed the buckling of gra-
phene-reinforced metamaterial beams with periodic webbing patterns.

Tam et al. [107] and Song et al. [108] further studied the effect of
open edge cracks on the buckling characteristics of FG-GPLRC beams by
using FEM and an FSDT based analytical approach, respectively. Their
results showed that the critical buckling load of FG-GPLRC beams is
considerably affected by the crack. In the work by Song et al. [108], a
massless rotational spring was used to model the bending stiffness of
the cracked section that is related to the stress intensity factor at the
crack tip.

4.3.2. Plates
Yang et al. [109] determined the uniaxial, biaxial and shear buck-

ling loads of FG-GPLRC plates using Chebyshev-Ritz method and found
that the non-uniformly symmetric porosity distribution and GPL pattern
can achieve the best buckling resistance. Li et al. [95] investigated the
static buckling of FG-GPLRC porous plates based on an isogeometric
analysis. Other works on this topic include the thermal buckling ana-
lysis by Mirzaei and Kiani [110] who discussed the temperature de-
pendent buckling behavior of FG-GPL reinforced laminated plates using

a non-uniform rational B-spline (NURBS) based isogeometric finite
element method and the one by Lei et al. [111] who carried out a
parametric study on buckling behavior of FG-GPLRC laminated plates
in thermal environment based on the FSDT and the meshless kp-Ritz
method.

4.3.3. Shells
For FG-GPLRC shell structures, Wang et al. [112–114] investigated

the eigenvalue buckling and torsional buckling of cylindrical shells with
and without cutouts. It was concluded that square shaped GPLs with
fewer single graphene layers are preferred reinforcements for better
buckling resistance. Based on the three-dimensional elasticity theory,
Liu et al. [115] obtained the three-dimensional buckling solutions of
initially stressed FG-GPLRC cylindrical shells. It was found that thin
shells with FGX dispersion pattern have a larger critical buckling load
while for a thick FG-GPLRC shell the uniform GPL distribution pattern
works the best.

4.4. Postbuckling analysis

4.4.1. Beams
Geometrically nonlinear strain-displacement relationship should be

taken into consideration in postbuckling region. The first study on the
postbuckling of FG-GPLRC beams is due to Yang et al. [11] who in-
vestigated the buckling and postbuckling behavior of such a beam using
the FSDT and the differential quadrature method (DQM). Their results
demonstrated that adding a small amount of GPLs significantly im-
proved the buckling and postbuckling resistance of composite beams, as
illustrated in Fig. 6. In addition, Barati and Zenkour [116] presented a
postbuckling analysis of FG-GPLRC beams resting on a nonlinear
hardening elastic foundation. The effects of porosity distribution and
geometrical imperfections were discussed in detail. Other works dealing
with the postbuckling performance of the beam include that by Rafiee
et al. [99] who studied the nonlinear bending, thermal post-buckling
and large amplitude vibration of multiscale fiber-reinforced graphene
composite beams, and that by Kiani and Mirzzei [117] who investigated
thermal buckling and postbuckling of temperature dependent GPL re-
inforced laminated beams based on the FSDT and von Kármán geo-
metrical nonlinearity. The most recent notable work is by Song et al.
[118] who conducted a comprehensive thermal buckling and post-
buckling analysis on edge-cracked FG-GPLRC beams from which it was
observed that the presence of an elastic foundation makes the buckling
and postbuckling responses of FG-GPLRC beams much less sensitive to
the crack. Wang et al. [88] studied the buckling and postbuckling of
functionally graded dielectric composite beam with GPL reinforcements
and found that the buckling performance of such a beam is remarkably
influenced by the alternating current frequency within a certain range.

4.4.2. Arches
Yang et al. [119] analytically investigated the postbuckling beha-

vior of FG-GPLRC arches either fixed or pinned at both ends within the
framework of Euler-Bernoulli beam theory. Its nonlinear buckling be-
havior was found to be highly dependent on the GPL distribution.
Huang et al. [120] did a similar work but both ends of the arch are
constrained by elastic rotational supports. Yang et al. [121] further
analyzed the thermo-mechanical postbuckling equilibrium paths of
fixed FG-GPLRC shallow arches under a uniform radial pressure and a
temperature change. Numerical results showed that the buckling per-
formances of the arch can be greatly enhanced by distributing more
GPLs near its surface layers.

4.4.3. Plates
For FG-GPLRC plate under edge compression, Song et al. [122]

studied the buckling and postbuckling behaviors of biaxially com-
pressed FG-GPLRC plates considering the effect of initial geometric
imperfection based on the FSDT. Yang et al. [123] analyzed the

Fig. 6. Effects of GPL weight fraction on postbuckling paths of FG X-GPLRC
beams [11].
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unilateral and bilateral buckling of FG-GPLRC corrugated thin plates
and obtained the analytical solutions for the unilateral critical buckling
load when the plate is resting on a rigid foundation and the bilateral
critical buckling load when the plate is free from an elastic foundation.
Wu et al. [124] examined the thermal buckling and postbuckling of FG-
GPLRC plates within the framework of FSDT. Shen et al. [125–127] also
investigated the postbuckling behaviors of functionally graded gra-
phene reinforced sandwich plates, laminated plates and laminated cy-
lindrical panels under axial compression or external pressure in thermal
environments. In addition, Kiani [128] analyzed thermal buckling and
postbuckling behaviors of FG-GPLRC plates by means of the TSDT.

4.4.4. Shells
The buckling and postbuckling of FG-GPLRC rings [129] and shells

[90,130–134] have also been studied by several researchers. Dong et al.
[130] analyzed the buckling behaviors of FG-GPLRC porous cylindrical
shells with spinning motion under a combined action of external axial
compressive force and radial pressure based on the FSDT. It was con-
cluded that the buckling loads of the shell can be increased due to the
centrifugal force caused by the spinning motion.

By employing the higher-order shear deformation shell theory
(HSDT) and the von Kármán geometrical nonlinearity, Shen et al.
[80,135] investigated postbuckling behaviors of temperature depen-
dent GPL reinforced laminated cylindrical shells under axial compres-
sive loads and external pressure and found that a piecewise graded
distribution of graphene sheets can considerably enhance the critical
buckling load/pressure and the postbuckling strength.

4.5. Linear free vibration analysis

4.5.1. Beams
The free vibration frequencies and the associated mode shapes are

important characteristics for FG-GPLRC structures in engineering ap-
plications. Song et al. [108] investigated the linear flexural free vi-
bration of edge-cracked shear deformable FG-GPLRC beams resting on
an elastic foundation with the framework of the FSDT and a rotational
spring model. The finite element analysis using PLANE183 elements
was reported by Tam et al. [107]. Their results indicated that a crack
located near the mid-span of the beam leads to the biggest drop in
natural frequencies. In their study on the influences of GPL and porosity
distributions on the free vibration of multilayer FG-GPLRC porous
beams, Kitipornchai et al. [105] again confirmed the significant re-
inforcing effect of GPL nanofillers on both structural stiffness and nat-
ural frequencies. It was concluded from their comprehensive numerical
results that non-uniformly symmetric porosity and GPL distributions
can achieve the best vibration performance.

4.5.2. Plates
Song et al. [10] made the first attempt to study the free and forced

vibration behaviors of FG-GPLRC plates. FSDT was employed to ac-
count for the effect of transverse shear strain. Navier solutions of the
natural frequencies were obtained for plates simply supported on all
edges. The effects of various boundary conditions on natural fre-
quencies of FG-GPLRC plates were discussed by Reddy et al. [136]. Thai
et al. [137] used the NURBS formulation based on the four-variable
refined plate theory while Guo et al. [138] employed the element-free
IMLS-Ritz method instead to study the free vibration of FG-GPLRC
rectangular and quadrilateral plates. In addition, Malekzadeh et al.
[139] analyzed the free vibration performance of FG-GPLRC eccentric
annular plates embedded in piezoelectric layers based on the FSDT and
the transformed DQM. Using the two-variable sinusoidal shear de-
formation theory and the nonlocal elasticity theory, Arefi et al. [140]
discussed the small scale effect on the natural frequencies of FG-GPLRC
nanoplates on a two-parameter Pasternak foundation.

4.5.3. Shells
Niu et al. [141] reported the free vibration characteristic of rotating

pretwisted FG-GPLRC cylindrical shell panels and discussed the effects
of distribution pattern, weight fraction, and geometry of GPLs, pre-
twisted angle, presetting angle and rotating speed on the natural fre-
quencies. Their results also showed that the natural frequencies of the
pretwisted shell panel rises greatly due to the addition of GPLs.

Dong et al. [142] investigated the linear free vibration of FG-GPLRC
porous cylindrical shells with spinning motion and conducted a detailed
parametric study on the natural frequencies and critical spinning speed
of the shell that were found to be heavily affected by GPL distribution
pattern and initial hoop tension. Based on Love’s thin shell theory and
the modified couple stress theory, Wang et al. [143] studied the size-
dependent vibration of FG-GPLRC circular cylindrical shells. Besides,
Wang et al. [144] analyzed the vibration behavior of FG-GPLRC doubly-
curved thick shallow shells based on the HSDT.

Considering the thermal effects, Moradi-Dastjerdi and Behdinan
[145] considered the free vibration behavior of FG-GPLRC axisym-
metric thick cylinders under internal pressure and thermal gradient
loads. They found that the temperature and hoop stress distributions of
the cylinders are significantly influenced by the graphene distribution.

4.6. Nonlinear free vibration analysis

4.6.1. Beams
Feng et al. [146] investigated the nonlinear free vibration of FG-

GPLRC beams based Timoshenko beam theory and von Kármán geo-
metrical nonlinearity. Their results indicated that the nonlinear natural
frequencies can significantly increase by adding a very small amount of
GPLs and the most effective way to enhance the structural stiffness and
rise the linear and nonlinear natural frequencies is distributing more
GPLs near the top and bottom surfaces of the beam (Fig. 7).

For a closed-cell metal foam beam reinforced with GPL nanofillers,
Chen et al. [147] studied its nonlinear free vibration behavior with
internal pores and GPLs either uniformly or non-uniformly distributed.
Timoshenko beam theory and Ritz method together with a direct
iterative algorithm were used to calculate its nonlinear free vibration
natural frequencies of the beams with different boundary conditions.
For a simply supported functionally graded graphene reinforced thick
laminated beam resting on an elastic foundation under a temperature
change, Shen et al. [77] employed HSDT and a two-step perturbation
technique to discuss its nonlinear vibration characteristics. Considering
the electrical effects, Wang et al. [89] analyzed the nonlinear free vi-
bration of GPL reinforced dielectric beams and found that the electrical
field plays an important role on the nonlinear free vibration char-
acteristics.

4.6.2. Plates
Based on classic plate theory and von Kármán geometrical non-

linearity, Gao et al. [148] reported the nonlinear free vibration analysis
of FG-GPLRC porous plates resting on an elastic foundation. The dif-
ferential quadrature method was used to calculate the nonlinear natural
frequencies. Taking the thermal effects into consideration, Shen et al.
[74,149] dealt with the nonlinear free vibration of shear deformable
functionally graded graphene sheet reinforced laminated plates/cy-
lindrical panels within the framework of HSDT. A similar work was
done by Kiani et al. [150] for thermally prestressed thick composite
plates reinforced with graphene sheets using a non-uniform rational B-
spline (NURBS) based isogeometric finite element method. Considering
the piezoelectric effect, Mao and Zhang [151] investigated the linear
and nonlinear free vibrations of functionally graded piezoelectric plates
reinforced with GPL nanofillers subjected to an external voltage ex-
citation.

4.6.3. Shells
Except for the beam and plate structures, Dong et al. [152]
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presented an analytical investigation on nonlinear free vibrations of
spinning FG-GPLRC thin cylindrical shells based on the Donnell’s non-
linear shell theory considering the effects of spinning motion and axial
load. Wang et al. [153] conducted the nonlinear free vibration analysis
of metal form cylindrical shells reinforced by GPLs. In addition, Shen
et al. [154] carried out HSDT based nonlinear vibration analysis of
functionally graded graphene sheet reinforced laminated cylindrical
shells in thermal environments. Again, the two-step perturbation
technique was used.

4.7. Dynamic instability analysis

A structural element may lose its stability when subjected to an axial
periodic dynamic load that may contain a static force component. Wu
et al. [155] identified the dynamic instability region of an FG-GPLRC
beam by using Timoshenko beam theory and Bolotin’s method. Their
results, shown in Fig. 8, revealed that the dynamic stability of the beam
can be greatly improved by adding a low content of GPL reinforce-
ments.

Furthermore, Zhao et al. [156] analyzed the dynamic instability of
FG-GPLRC porous arches pinned at both ends by means of classical
Euler-Bernoulli beam theory. They concluded that the arch with GPL
reinforcement and symmetrically non-uniform porosity distribution

exhibits significantly enhanced dynamic stability. Yang et al. [157] also
investigated the dynamic buckling of FG-GPLRC shallow arches under a
step central point load. Apart from beam and arch structures, Wu et al.
[158] reported the parametric instability characteristics of an FG-
GPLRC plate under combined thermo-mechanical loading. Based on a
two-step perturbation technique, Shen et al. [159] derived the equation
of motion and determined the dynamic instability region for a simply
supported functionally graded graphene reinforced plate.

4.8. Dynamic response analysis

4.8.1. Resonance response analysis
Li et al. [160] studied the primary, super-harmonic, subharmonic,

and combinational resonances of FG-GPLRC beams by using the mul-
tiple scales method and found that an addition of a very low weight
fraction of GPL nanofillers significantly reduces the resonant responses
of the beams and the square shaped GPLs with fewer single graphene
layers are the most favorable reinforcements, as illustrated in Fig. 9.

For plate structures, Karami et al. [161] investigated the forced
resonance vibration behaviors of graphene reinforced nanoplates by
using nonlocal strain gradient Kirchhoff plate theory. Gholami and
Ansari [162] analyzed the nonlinear harmonically excited vibration of
FG-GPLRC rectangular plates by means of the Galerkin method, time
periodic discretization approach and pseudo arclength continuation

Fig. 7. (a) Effect of weight fraction of GPL on frequency change ratio of C-C beams; (b) Frequency ratio curves of C-C beams with different distribution patterns
[146].

Fig. 8. Effect of GPL weight fraction on the principle unstable regions of FG X-
GPLRC beams [155].

Fig. 9. Effect of GPL weight fraction on frequency-response for primary re-
sonance [160].
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technique with consideration of the modified Newton-Raphson method.
Furthermore, Dong et al. [163] conducted the nonlinear harmonic re-
sonance response analysis of spinning FG-GPLRC thin cylindrical shells
subjected to a combined action of thermal loads and mechanical loads
based on Donnell’s nonlinear shell theory. They found that the re-
sonance responses of the shell are significantly affected by the spinning
motion.

4.8.2. Transient response analysis
Wang et al. [164] investigated transient responses of an FG-GPLRC

beam subjected to two successive moving masses based on the HSDT.
The results indicated that the dynamic response of the beam can be
remarkably reduced through the addition of GPL nanofillers. Nguyen
et al. [165] performed transient analysis of piezoelectric FG-GPLRC
porous plates by employing an isogeometric Bezier finite element for-
mulation. Li et al. [166] investigated nonlinear vibration of a composite
plate consisting of two metal face layers and a functionally graded
porous core with graphene platelet reinforcement based on the classical
plate theory. They studied the effects of loading speed, temperature
variation, initial imperfection, porosity parameters and GPL parameters
on the transient response of the plate. In addition, Xu et al. [167] stu-
died vibro-acoustic response characteristics of thermo-mechanically
loaded FG-FPLRC laminated plate. Furthermore, Wang et al. [168] in-
vestigated the nonlinear transient dynamic response of FG-GPLRC
doubly curved thick shallow shells subjected to blast loads within the
framework of HSDT. It was observed from their study that the nonlinear
transient response of the shell is considerably affected by the tem-
perature field.

4.8.3. Impact response
The nonlinear dynamic responses of graphene reinforced beams

[169], plates [170,171], and shells [172] under impact loads were
conducted by several researchers. For example, Fan et al. [169] in-
vestigated the low-velocity impact response of FG-GPLRC beams in
thermal environments. For FG-GPLRC plates, Song et al. [171] utilized
the FSDT and modified nonlinear Hertz contact theory to define the
contact force between the spherical impactor and the target plate and
conducted a parametric study with a particular focus on the effects of
GPL distribution pattern, weight fraction, geometry and size, tem-
perature variation as well as the radius and initial velocity of the im-
pactor on the low-velocity impact response of functionally graded
GPLRC plates. It was found that dispersing more GPLs near the top and
bottom surfaces can effectively resist the peak deflection in the process
of impact but this will also give rise to a higher peak contact force.
Moving the maximum GPL concentration away from the top and
bottom layers to the midplane by a short distance is the most effective
way to simultaneously reduce both peak deflection and contact force.

5. Challenges and future work

Functionally graded graphene reinforced composite structure with
FG-GPLRC structure as its excellent representative has demonstrated
great potentials for the development of new generation lightweight
structures that are of crucial importance in aerospace, automotive,
marine, mechanical, and other engineering sectors. Although many
preliminary research works have been conducted in this emerging area,
there are still many key technical challenges yet to be urgently ad-
dressed:

(1) Fabrication techniques of FG-GPLRC structures

As reported in many previous experimental studies, agglomeration
and poor dispersion of graphene sheets and GPL nanofillers in poly-
meric or metallic matrix as well as the weak bonding at the interface
between graphene and the matrix have been the major issues in the
fabrication of graphene based nanocomposites as these problems will

lead to poor or greatly deteriorated mechanical properties. New fabri-
cation routes that can solve these problems should therefore be urgently
developed. The manufacturing process for the mass production of FG-
GPLRC and the technique for fabricating FG-GPLRC at micro-/nano-
scale are also the great challenges ahead. Without the success in fab-
rication techniques, the real engineering applications of FG-GPLRC
structures would be impossible.

(2) Micromechanics models

The micromechanics models summarized in Section 3, although
having been widely used in the above reviewed open literature to de-
termine the effective thermo-elastic properties of graphene reinforced
composites, are simplified models based on various assumptions hence
have their own limitations. For example, all of the existing models do
not consider the influences of temperature [69,70], atom vacancy de-
fects [69,71,72], functionalization of GPL nanofillers [72], uncertainty
in GPL shape, size, and vacancy distribution, etc., which partly con-
tribute to the significant discrepancy between the results obtained from
experiments, MD simulation and these models, particularly, when GPL
weight fraction wt.%>0.5% [69].

In order to achieve more accurate and reliable numerical analysis
results, more experiments and comprehensive MD simulation based
parametric studies addressing the influence of the above mentioned
factors should be carried out to obtain a sufficiently large set of data to
modify the existing models.

(3) Mechanical analysis of FG-GPLRC structures

The majority of the mechanical and structural analyses of FG-
GPLRC structures available in open literature are limited to elastic
behaviors only, such as bending, buckling, postbuckling, free vibration,
force vibration, impact response, dynamic stability of FG-GPLRC
beams, plates and shells. For structural design in real engineering ap-
plications, an in-depth understanding of their inelastic deformation
behavior, failure mechanism and failure criteria is essential. The re-
search in this regard, however, is scarce. The only contributions are due
to Song et al. [108,118] who most recently made the first attempt to
study the stress intensity factor of an open edge crack perpendicular to
the FG-GPLRC beam and discussed its influences on free vibration,
thermo-mechanical buckling, and postbuckling performances of the
beam. Up to now, no research work dealing with other crack defects
(such as inclined crack, internal crack, breathing crack, etc.), crack
initiation and propagation, microstructural damage, fracture, fatigue,
etc. has been reported, in spite of their practical importance. Many
fundamental questions are yet to be answered.

(4) Optimization design of FG-GPLRC structures

Furthermore, optimization of material profile, in particular, GPL
distribution pattern towards optimal structural performance with ba-
lanced consideration of deformation and stresses is another important
topic that requires special attention. Currently, most of the studies and
the conclusions drawn from their numerical results are based on de-
formation analysis only but the stress analysis is not considered. This
may lead to unsafe design since the GPL distribution that produces the
smallest deformation will most likely results in the highest stress. A
multi-objective optimization process is therefore necessary to identify
the material profile and GPL distribution pattern that can achieve the
desired structural performance targets.

6. Concluding remarks

Functionally graded composite structures reinforced with graphene
sheets or GPLs have been proven to be very promising in a wide range
of engineering applications where lightweight structures are of great
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importance. In this paper, the state-of-the-art of FG-GPLRC structures
since it was first proposed in 2017 has been comprehensively discussed
and summarized. The review covers all of the important aspects in this
emerging and fast growing area including the fabrication technique,
micromechanics based models for the determination of effective ma-
terial properties, atomistic studies via molecular dynamics simulation,
analytical and numerical analyses of mechanical and structural beha-
viors of FG-GPLRC beam, plate, and shell structures under various
loading conditions. The key technical challenges and future research
directions have also been identified and highlighted.
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