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1. Introduction

Functionally Graded Materials (FGMs) are well-known
for their high thermal resistance and low thermal stresses.
These materials are commonly used in structures that are
subjected to impact and thermal shocks. FGMs consist of
a pure ceramic layer on one side, which is weak in
comparison to other materials, especially metals, due to
their low ductility; the feature makes them very susceptible
to cracking. Therefore, there is a strong need to increase
the ductility of ceramics. Incorporating a resistant coating
can lead to better performance. Moreover, the other side of
FGMs is made of pure metal, which can be improved by a
resistant coating to increase its thermal capacity, corrosion
resistance, and surface wear resistance. These resistant
coatings are multi-layered composite materials that are
placed next to each other but are not soluble in each other.
These materials are made up of a polymeric resin (plastic
reinforced with coarse molecules) as a base with strings
and fibers as the reinforcing agent. Therefore, in this study,
multi-layered composite materials were placed on both
sides of the FGM core. One of the innovations of this study
is the comparative performance analysis of the impact of
parameters on the dynamic response of cylindrical shells
with MLC-FGM-MLC structure under impact loading.
This includes the investigation of the influential impacts of
FGM core volumetric power index, types of CFRP
(Carbon Fiber Reinforced Plastic) and GFRP (Glass Fiber
Reinforced Plastic) layers, angles of layer orientation, and
the number of layers of composite materials on the shell’s
response. For this purpose, the shell is modeled as a set of
smaller shell elements using the finite element method in
Abaqus software, and its nonlinear geometric dynamic
behavior is examined by applying the equations governing
the deformed elements in each time step.

2. Fundamentals and concepts

In this study, the target shell’s core is made of ceramic and
metal phases and has a gradual and continuous change of
material properties along its thickness. Using the mixing
law, material properties such as elasticity modulus,
density, and Poisson's ratio vary throughout the variable

thickness. This change in material properties is defined by
Equation 1.

p(z)=pV.(@)+pV,(2) 1)

where p. and p, represent the material properties of
ceramic and metal phases in FGM, respectively, and V.(z)
and Vi (z) are the volume fractions of ceramic and metal,
respectively, which is expressed as follows:

V(2)+V,(2)=1 )

VC:(ZZ +hjn @3)

2h

In these equations, 7 is the volume power index of
volume and # is the thickness of the desired shell.

(B) (A)
Figure 1. A) geometry and coordinates of the hollow

cylindrical shell; B) schematic placement of MLC and
FGM layers along the thickness of the shell

The shell has dimensions a=b=1 (Figure 1) and simple
boundary conditions at the four edges of the shell (Figure
1). A Frender impact is applied to the outer surface of the
cylindrical shell according to Equation 4. The studied
cylindrical shell is composed of composite and
functionally graded materials, and the materials used in the
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shell’s skin and core are represented as inner
skin/core/outer skin. Therefore, for examining the
influential parameters, four different cases of CFC, CFG,
GFC, and CFG are considered, where CFC stands for
CFRP/FGM/CFRP, CFG stands for CFRP/FGM/GFRP,
GFC stands for GFRP/FGM/CFRP, and GFG stands for
GFRP/FGM/GFRP.

P(x,y,t)=PR )R (xy)
P, =100kPa
P.(x,y)=10
o (4)
1-—)e ™ t<t
tD

0 t>t,

p

R=

Here Py is the maximum pressure during loading time, Py(?)
is the pressure distribution over time range, and P; is the
pressure distribution on the shell surface, a is the wave
shape parameter,  is the elapsed time, and ¢, is the loading
time considered for ,=20ms, 0=2 in this study.

The type of material mixture for FGM is selected as metal-
ceramic (aluminum-silicon carbide). Table 1 presents the
mechanical properties of these materials such as Young’s
modulus, density, and Poisson’s ratio. The upper and
lower MLC surfaces of the shells are made of composite
materials GFRP and CFRP. Table 2 shows their
mechanical specifications.

Table 1. Mechanical properties of FGM materials

Mechanical | Young's | Density | Poisson's
properties | modulus | (kg/m®) ratio
(GPa)
Aluminum 67 2702 0.33
Silicon 302 3100 0.17
Carbide

Table 2. Mechanical properties of composite materials

Mechanical properties CFRP GFRP
Density (kg/m?) 1572 2301
Ex(GPa) 121 463
Ey (GPa) 14 11.6
E. (GPa) 14 11.6
Vxy 0.17 0.25
Vyz 0.40 0.39
Vxz 0.020 0.062

3. Examined parameters

First, the impact of the volume power index of the FGM
material in the core of the shell was examined. For this
purpose, seven volume power indices
(n=0.0,0.2,0.5,1.0,2.0,5.0,0) with a curvature of
0.25 (4-meter radius) were modeled under impact loading.
The multilayer composite surfaces on both sides of the
FGM core were arranged in four layers and with angles of
45°/90°/45°/0°. Next, the placement of monolayers in the

multilayer composite surfaces was examined and five
angles (¢ =15",30°,45°,60°,75°) were analyzed. Shells

with a curvature of 0.25, 12 mm thickness, and FGM core
with volume power index n=1 were modeled under impact
loading. Finally, the impact of the number of layers in the
composite surfaces of the shell was examined, and models
with 4, 8, 12, 16, and 32 layers were modeled under impact
loading. In this study, a curvature of 0.25 and layering of -
45°/90°/45°/0° for every 4 layers in the composite surfaces
of the shell and volume power index n=1 for the FGM core
were considered.

4. Conclusion

The effective factors of composite cylindrical shells with
FGM core, including the volumetric power index, different
angles of fiber placement in the composite materials, and
the number of composite layers, were investigated. The
results of comparing and evaluating the dynamic behavior
of the shells are summarized as follows.

e Nonlinear geometric displacement is more significant
than linear displacement at the center of the shell, and
with the increase of the volumetric power index, the
amount of displacement at the center of the shell has
increased. The maximum displacement occurred in the
all-metallic  shell (n=0), and the minimum
displacement occurred in the all-ceramic shell (n=0),
and the response of other shells was between the two
states. Moreover, in the CFC and GFG states, the shell
has the least and most displacements, respectively;

e By examining the arrangement of monolayers, it was
observed that selecting @ =15" will cause the minimum
displacement in the shell, and selectingd=60" will
cause the maximum displacement in the shell;

Examining the impact of the number of multilayer
composite layers on the upper and lower surfaces of the
shell showed that when the number of layers increases the
maximum displacement at the center of the shell decreases.
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Geometric Nonlinear Dynamic Analysis of MLC Cylindrical Shells with FGM Core under Impact
Load using by Finite Element Method

Mojtaba Shahraki Farzad Shahabian Moghadam

Abstract In recent decades, shells made of composite materials have been used in modern structures under impact
load. Multi-Layer Composites (MLC) and Functionally Graded Materials (FGMSs) are the upgrades of composites that
have been considered due to their suitable mechanical properties such as high resistance to weight ratio, flexibility and
impact resistance. In this research, geometric nonlinear dynamic behavior on multilayer composite cylindrical shells
with FGM core under impact load has been analyzed; because it is necessary to know how structures made of these
materials behave under such loads. For this purpose, the effect of FGM core volume fraction index and the effective
parameters of multi-layer composites such as the angles of the layers and the number of layers have been investigated.
The results of this study show that by increasing the volume fraction index, the maximum displacement of the shell
decreases. The maximum displacement occurs in the CFC (CFRP/FGM/CFRP) shell with pure metal FGM and the
minimum displacement occurs in the GFG shell with pure ceramic FGM. Evaluation of the different positions of the
layers shows that selecting a 15-degree positioning angle causes less displacement and also decreases the displacement
as the number of layers increases.

Keywords Multi-Layer Composites (MLC), Functionally Graded Material (FGM), Cylindrical Shell, Geometric
nonlinear dynamic analysis, Impact Load.
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