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1. Introduction

Reinforcements in beams play an important role in
providing strength and stiffness. The novel
materials considered for this aim are graphenes that
have extraordinary mechanical, thermal, electrical,
and optical properties. Besides, graphenes are
encouraging applicants for the design and progress
of different applications of nanoelectromechanical
systems (NEMS) such as nanocomposites, mass
and gas sensors, transistors, and semiconducting
devices.

Numerous kinds of graphene’s products such as
graphene platelet (GPL) and graphene oxide are
used broadly in structural components. As shown
by the experimental and theoretical works, since
graphene has a wide surface to bond with the
polymer chains, an excellent interactive action with
the polymer matrix forms by using GPLs as
reinforcement nanofillers in polymer matrix. In
most applications, polymers are used as
elastomeric and flexible matrices for composites,
due to their favored physical properties. As
concluded frequently in previous researches, the
small content of graphene can mainly improve the
bending behavior of graphene epoxy composite
beam. Since the fabrication of a structure by a
functionally graded (FG) material, in which the
GPL quantity varies continuously through the
thickness, is very difficult, a multilayer
arrangement for the structure is used. In this case,
each layer has a constant GPL weight fraction
while proper distribution is used through the
thickness.

According to the nonlinear nature of the physical
phenomena of the world, modeling each behavior
leads to the nonlinear equations. There are the
majority of problems in which analytical methods
do not exist to solve them. Therefore, proper
numerical methods are needed to solve the
obtained nonlinear equations. To the best
knowledge of the authors, reported works in the
literature on nonlinear bending of GPLRC beams
were only about the limited cases of boundary
conditions, in which exact closed-form solutions
are presented using Fourier series. In a few studies,
Ritz method has used and the governing equations
and solution method have not been presented in an
extended way. The aim of this work is to study the
nonlinear bending analysis of a composite beam

reinforced by graphene platelets (GPL) having
non-uniform distribution through the thickness.
Governing differential equations are derived based
on the first order shear deformation theory by using
the minimum potential energy principle. The
nonlinear differential equations are solved using
the harmonic differential quadrature method
(HDQM). The modified Halpin-Tsai
micromechanics model is implemented to
determine the effective Young’s modulus of
GPLRC beam. Moreover, the rule of mixture is
used to define the effective Poisson’s ratio. To
ensure the applicability of the method, comparison
studies are performed for conventional FG
nanocomposite beams and beams reinforced by
graphene platelets. Then, the effects of the
boundary conditions, the number of layers, the
weight fraction and the distribution pattern of GPL
on the nonlinear bending characteristics of the
GPLRC beams are investigated.

2. Formulation and governing equations

Figure 1 shows a beam that consists of n-layer
GPL-polymer nanocomposites with total thickness
h and length L. Each layer contains the polymer
matrix reinforced by GPLs and has a constant
thickness h; = h/n and a distinct GPL weight
fraction (Wg%). Through the thickness of the
beam, the distribution of the layers may be uniform
(UD) or functionally graded (FG). The GPL
patterns considered in this study are shown in
Figure 1. In the X-GPLRC type, the upper and the
lower face of the beam has the highest Wg% while
the Wg% decreases linearly toward the mid plane.
Moreover, the GPL weight fraction in the O-
GPLRC beam increases linearly from the outer
faces toward the mid plane. It means that the
maximum value of Wg% is observed at the mid
plane and the minimum ones are seen in the upper
and lower faces.

Nonlinear governing differential equations are
derived based on the first order shear deformation
theory by using the minimum potential energy
principle. The modified Halpin-Tsai
micromechanics model is implemented to
determine the effective Young’s modulus of
GPLRC beam. Moreover, the rule of mixture is
used to define the effective Poisson’s ratio. By
using the HDQM for discretizing the system of
equations, the following assembled nonlinear
equations are obtained:
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Figure 1. Schematic configuration of GPLRC beam with
three different GPL distribution patterns
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in which K_ and Ky. are linear and nonlinear

stiffness matrices, which have 3Nx3N and
3Nx(3N2+N?%) dimensions, respectively. To solve
the nonlinear equations, an iterative scheme based
on Newton-Raphson method is adapted. Using
MATLAB program and according to the presented
formulations, a computer program is written by
which the displacements and stresses of the beam
are obtained. It is worth noting that the linear
response of the beam can be obtained by setting
[Knc] = [0].

3. Results and discussion

In this section, the results for verification of the
proposed method are presented. To investigate the
convergence of the proposed solution method,
several cases with the different number of grid
points were examined. This convergence study
discovered that choosing 31 grid points along x
direction will yield a sure answer in all problems in
question. Therefore, in all up-coming case studies,
31 grid points along x direction were used. The
nonlinear bending results are depicted in Figure 2.
In this figure, the present results for deflection of
clamped FGM beams are compared with those of
other researches. The Young's modulus of the FG
material is supposed to be graded in thickness

P

direction E (z) = (E; - Ez)(%+3 +E,

in which p is the functionally graded index of the
material properties. The beam material and
geometrical properties are E; = 30x10° psi, E; =
10x108 psi, v=0.4,b/h=1,b=1in, and L/h = 100.
As can be seen in Figure 2, the present results
(HDQM) match very well with the previous ones.
As another case study for the examination of the
proposed method, the work done by Feng et al is
considered. In this case, the polymer matrix is
assumed to be epoxy with En = 2.85 GPa and pm =
1200 kg/m?3. The beam is comprised of 10 layers
having the thickness of h=0.1 mand L/h =20. The
dimensions, Young's modulus and mass density of
GPLs are ag=2.5 um, bg = 1.5 um, ty = 1.5 nm, Ey4
=1010 GPa, and pg= 1060 kg/m?, respectively. The

maximum deflections of the GPL-Epoxy beam
with different boundary conditions and GPL
weight fraction (Wg%) are presented in Table 1 for
the dimensionless uniform load of Q = 0.001. As
shown in Table 1, the present results match well
with the previous ones reported in Feng et al.
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Figure 2. Load versus center transverse deflection for
clamped-clamped, and functionally graded beams

Table 1. Maximum dimensionless deflection of GPL/Epoxy
nanocomposite beams

U-GPLRC X-GPLRC
Wy% | Present Ref Present Ref
0.5 | 0.004441| 0.004745| 0.003430| 0.003680
c-C 1 0.002718| 0.002902| 0.001997| 0.002144
1.5 | 0.001958| 0.002090| 0.001408| 0.001513
0.5 | 0.021821| 0.022988| 0.016742| 0.017659
S-S 1 0.013344| 0.014058| 0.009730| 0.010269
1.5 | 0.009610| 0.010124| 0.006856| 0.007239
0.5 | 0.009116| 0.009697| 0.007012| 0.007481
C-S 1 0.005575| 0.005712| 0.004078| 0.004197
1.5 | 0.004015| 0.004114| 0.002874| 0.002960
4. Conclusion

The nonlinear bending analysis of a composite
beam reinforced by graphene platelets (GPL)
having functionally graded (FG) distribution
through the thickness was presented. Moreover, the
rule of mixture was used to define the effective
Poisson’s ratio. At first, comparison studies were
presented for conventional FG nanocomposite
beams and beams reinforced by graphene platelets.
Then the effects of boundary conditions, weight
fraction and distribution pattern of GPL, and the
total number of layers, on the nonlinear bending
characteristics of the GPLRC beams were
investigated. The results showed the capability of
the proposed method to solve the nonlinear
problems and obtaining the bending behavior of the
beams. Moreover, by increasing the weight
fraction of graphene platelets in the beam, the
bending strength of the beam improves and the
beam deflection decreases. Moreover, increasing
the total number of layers for GPLRC tends to
smoother variation of stress through the beam
thickness. As can be concluded from the literature,
there are few experimental data for the GPLRC
beams. It is suggested to conduct a systematic set
of experiments for futurer studies in this matter.
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