VNU Journal of Science: Mathematics — Physics, Vol. 35, No. 3 (2019) 14-29

VNU Journal of Science: Mathematics - Physics

Journal homepage: https:/js.vnu.edu.vn/MaP

Original Article

Nonlinear Dynamic Response and Vibration of 2D
Penta-graphene Composite Plates Resting on Elastic
Foundation in Thermal Environments

Nguyen Van Quyen', Vu Dinh Quang*, Nguyen Dinh Duc?*, Pham Tien Lam3#

! Department of Civil Engineering and Technology, VNU Hanoi University of Engineering and Technology
(UET), 144 Xuan Thuy, Cau Giay, Hanoi, Vietnam

2Infrastructure Engineering Program, VNU Vietnam-Japan University (VJU),
My Dinh 1, Tu Liem, Hanoi, Vietnam
3PIAS, Phenikaa University, Yen Nghia, Hanoi, Vietnam
4JAIST, Asahidai 1-1, Nomi, Ishikawa, 923-1292, Japan

Received 15 August 2019
Accepted 15 September 2019

Abstract: This research discusses an analytical method for investigating vibration and dynamic
response of plates structure made of 2-Dimensional (2D) penta-graphene. The density functional
theory is used to figure out the elastic modulus of single layer penta-graphene. The classical plate
theory is applied to determine basic equations of 2D penta-graphene composite plates. The
numerical results are obtained by using the Bubnov-Galerkin method and Rung-Kutta method. The
research results show high agreement in comparison with other studies. The results demonstrate
the effect of shape parameters, material properties, foundation parameters and the mechanical load
on the nonlinear dynamic response of 2D penta-graphene plates. The study also investigates the
effect of the thermal environment on the behavior of 2D penta-graphene plates.
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1. Introduction

Graphene like one 2D allotrope of carbon was have been known in 2004 [1]. It has shown that 2D
single-layer structure has many outstanding advantages. Hence, scientists have been attracted
considerable attention to these materials in the last decade. Computation or experimental methods
have been used to investigate various types of 2D monolayer [2—7]. In 2015, Zhang et al. [8] proposed
a new 2D carbon allotrope that is penta-graphene (PG). PG unit cell consists entirely of carbon pentagons.

As a highly stable 2D allotrope of carbon, scientists have been attracted to this material in recent
years. In [9], Sun et al. investigated the thermal transport property of penta-graphene which is affected
by grain boundaries. A highlight point in [10] shown that the thermal conductivity of graphene is
higher than that of penta-graphene. Tien et al. [11] studied the transport and electronic properties of
sawtooth PG nanoribbons. Tien et al. figure out that the electronic and the transport properties of
sawtooth PG nanoribbons can effectively modulate when doping by N and H. Alborznia et al. [12]
examined the electronic and optical properties of 2D penta-graphene when this material is affected by
vertical compressive strain using density functional theory. In [13], the effect of temperature on
mechanical properties investigated using simulation method. The mechanical properties of penta-
graphene were compared with pentaheptite, graphane, and graphene in [14]. The mechanical
properties of penta-graphene when this material is rolled into penta-graphene nanotubes was examined
by Chen et al. [15]. Previous studies mainly focus on the material properties of penta-graphene. We
can see that the number of studies on 2D penta-graphene application in the field of structure is still
limited. Thus, this research decided to investigate the composite plate structure which reinforced by
2D penta-graphene.

The structures, in reality, face various types of dynamic loads such as wind, wave, earthquake,
vehicle, blast, etc. Therefore, it is necessary to study the behavior of structures subjected to dynamic
loads. Zhang et al. [16] use analytical and numerical methods to analyse the effect of blast loading on
the behavior of plate structure which has three layers with faces made from fiber-metal and core made
from metal foam. Blast loading effect on the dynamic response of plate structures with two layers
sandwich was investigated [17]. Song et al. [18] studied the effect of moving to load on the dynamic
response of sandwich plates base on the first-order shear deformation theory. In [19], Duc et al.
presented nonlinear dynamic response and vibration of plate. The plate made from functionally
material with piezoelectric layer, and outside stiffeners. In [20], dynamic response and vibration of
double-curved shells which made from functionally graded nanocomposite have been studied base on
higher-order shear deformation theory. Li et al. [21] investigated the nonlinear dynamic response sheet
with triple-layer. The behavior of the composite plate reinforced by CNT under impact loading was
studied using analytical method [22]. There are many studies on the behavior of structure when
subjected to dynamic loads. But the number of research on structures made from 2D penta-graphene
has not been paid attention to far. So this study decided to carry out the investigation Nonlinear
dynamic response and vibration of 2D penta-graphene composite plates resting on elastic foundation
in thermal environments.

2. Analytical solution
2.1. Basic formulas

Figure 1 shown the 2D penta-graphene composite plate model in the Cartesian coordinate system
X, Y¥,Z on Pasternak foundation.
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With xy is the mid-plane of the plates. z is the axis along with the thickness of the plate, (
—h/2<z<h/2). h is the thickness of the plate. a,b are the length and width of the plate,

respectively.

EEEEEE

Figure 1. Geometry and coordinate system of the plate resting on Winkler and Pasternak foundations.

The reaction—deflection relation of the elastic foundation is expressed in Eq. (1):
g, = kw—k,V’w 1)

2 2
with V2 :a—2+—2. w is the deflection of the plate. k, and k; are stiffness of Pasternak

OX
foundation and Winkler foundation, respectively.
The classical plate theory is used to build the compatibility, motions equations and examine the
nonlinear dynamic response of the 2D penta-graphene composite plates in this research.

The relation strain-displacement base on classical plate theory is:

0
Ey &y kX
g |= 83 +z| k, |, 2)
0
with
&l U, +W. /2
o |_ 2
gy |= vy + Wy /2
0
Vry Uy +V, +W,W,
(3)
K, ~W,,
ky = Wy |
kxy _2W,xy
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in which the normal strains in the middle plane of the plate are &, and &) . The shear strain of
the plate is yy inthemiddle plane of theplate. The displacement long X,y and z axes are

u,v,w, respectively. k ,k,,k,  are the curvature and twisted of the plates.

X1ty Ty

The relationship between stress and strain in the thermal environment is expressed
through Hooke's law in Eq. (4)

Oy Q11 Q12 0 Sx - OtlAT
o, 5] Qu Qp 0 | & —aAT | 4)
O-xy 0 0 QGG 7, Xy
. E E E
With Q, = Eﬂ = 1_ 2 —.Q, = E—22 =—2.Qy;, Q =115Q,Q =Gy,
1-—=2y2 V12Va1 1-—22 En
1 11

The elastic modulus of 2D penta-graphene obtained by fit the strain energy equation and the
density functional theory energies.

The relationship between forces, moments and stress of the penta-graphene plates are given by

Eq. (5)

h/2

(N, M;)= J. o, (1,z)dz,i=x,y,xy. (5)

-h/2

Substituting Egs. (2) into Egs. (4) and the result into Egs. (5) give the constitutive relations as

where

N, = Auey + Bk, + Aper + Bk, + Agrs, +Bisky, — AT (A + 2, Ay),

N, = A12‘9>(<) + Bk, + Azzgty) + Bk, + A267>(<)y +Byskyy — AT (A, + 2, Ayy),

Ny = Aisgg + Bk, + Azegg +Byek, + A667/>(<)y +BeeKyy — AT (oA + @A), (6)
M, = Bngg + Dk, + B12‘93 + Dk, + Bl67>(<)y+D16kxy — AT (By; + ,Byy),

M, =By,&, + DK, +Bpe) + Dyok, +Bogry, + Dygky, — AT (B, + ,B5,),

M, = 16‘93 + Dygk, + 826‘9)(/) + Dyek, + BG67>?y+D66kxy — AT (B¢ + a,By),

h/2
A= [ Q@ ij =11,12,16, 22, 26,66.
—h/2
h/2
B, = [ Q@ ij =11,12,16, 22, 26, 66. (")
—h/2
h/2
D, = [ Q()7%dz, ij =11,22,12, 66.

-h/2
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The motion equations of plates supported by elastic foundations base on classical plate theory are

N, x+N,,, =0 (8a)
Nyyx +Ny = 0 (8b)
o*w (8¢)

2
M, +2M,, o + M, o+ Now,, +2N, W + N W+ — KW +K,Vw = pl?
where g is an external pressure uniformly distributed on the surface of the plate and
h/2

P = I pdz. 9)
-h/2

The stress function f(x,y,t) is established as

2
N =0T N

X

o f o f
2Ny T o Ny T : (10)
oy ox oxoy

From Egs. (6), we get &, &, 7, as follows

= AUN, + AN, + AN, —Blik, — Bk, — Bk, +AT (o4 Dy, + a1, D),

= AN, + AN, + AN, —Bj ik, — Bk, — Bk, +AT (o D;; +a,D5,), (11)
ggy = AgN, + A;eNy + Aéeny —Bjgk, — B;esky - Bgﬁkxy + AT (&, Dy + @, D),

0
X
0
y

In which the coefficients A;,Bj, D; are explained in the Appendix.
With the stress function as in Eq. (10), Eqgs. (8a-8b) are always satisfied. By substituting Eq. (11)
into moment equations in Eq. (6). Finally, use the obtained moment equations instead of M; in Eqg.

(8c). After reduction, Eq. (8c) has the following form
Pf o T Pofpyy T PWy + PaW, + BW, 0 + BW o + PW L+ BW

| XXXX

o*w (12)

HRW oy + BoW gy + NGW o +2N Wy + N oW +q —Kw + k, V2w = P
In which the coefficients P; (i =1-10) are given in the Appendix.

In this study, the imperfection is also considered. The equation to show the imperfections of the
plate is w". From Eq. (12) for the perfect plate, we obtain Eq. (13) for imperfect plates.

Pl f,xxxx + PZ fyyyy + P3W,xxyy + P4W,xxxy + P5W,><yyy + PGW,xxxx + P7W,yyyy + PSW,xxyy
+HPW gy ++PgW iy + (W,xx + Wiy ) -2f, (wxy + W, ) +f (Wyyy + w*yy) (13)
2
W
+q —kw+k, V2w = plaat—z.

The deformation compatibility equation of the perfect plates and imperfect plates are Eq. (14) and
Eq. (15), respectively.

g 4+l

0 _ .2
8% yox ~ Vayoy = Wiy =W Wy (14)
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0 0
yXx 7xy,xy

Substitution Eqg. (10) and Eqg. (11) into the deformation compatibility Eq. (15) leads to
A;Z f,xxxx + El f,xxyy + Ai*l 1:yyyy - 2A;6 f,xxxy - 2Ai*6 f,xyyy + B;lw,xxxx + Bl*ZW,yyyy

2 * * * _
+E2W,Xxyy + E3W,xxxy + E4W,nyy _(W,xy W Wy + Z\N,xyw,xy ~WxWyy _WyyW,XX)_ 0,

0 * * .
Exy tE zw,zxy ~WWyy +2nywxy Wi Wy =Wy Wi (15)

(16)

In which E; (i =1-4) are given in the Appendix.
The Eq. (13) and Eq. (16) accompany with initial conditions and boundary conditions are used to
investigate the nonlinear dynamic response of 2D penta-graphene plates.

2.2. Boundary conditions

In this study, the 2D penta-graphene composite plate is assumed to be simply supported. Two
boundary conditions, labeled as Case | and Case Il are considered

Case I. Four edges of the plate are simply supported and freely movable (FM)
w=N,, =M, =0,N, =N,, at x=0,a, (17)
w=N, =M, =0,N, =N, at y=0,b.

Case Il. Four edges of the plate are simply supported and immovable (IM)

w=u=M, =0,N, =N,, at x=0,a,

w=v=M,=0,N, =N, at y=0,b. (18)
in which N,,, N, are compressive force along the direction X,y , respectively.
The approximate solutions satisfying the boundary conditions are

(W, W*) =(W, uh)sin A, xsin g, y, (19)

f = A C0s24, X + A, C0S25,y + A, sin A, xsin 5,y + A,C0SA, XCOSS, Y +%Nxoy2 +%Ny0x2(20)

with 4 ="% 5 :%”
a

parameter. The coefficients A (i =1+4) found are as follow

1 ¢

— LW (W +2uh),

2R, 22 (W +2uh)
1 A2

g WW +2uh),

32A, &2 (21)

(FZ F;l — F12F3)W
F2-F

_ (Fst - F12F4)W

F2-F

With F, (i =1+4) are given in the Appendix.

, W - the amplitudes of the deflection of the plate. x« - imperfect

A=

A2:
A3:

A
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Replacing Eqg. (21), Eq. (20) and Eqg. (19) into the Eg. (13) and then using Galerkin method we
obtain Eq. (22)
(FZ I:4 B I:1|:3)

_[ 1(F F FF)/I4+P2 (F2F4_F1F3)54+P3 Fz F2
2 1

4 FA-F2 " FA-F2 "
p (R -FF) o (RF- FF)
2 2 -R 2

F.-F F,
{zﬁm(s{aiﬁ%é
3 Ao A

1

Andy

+ P + Py + Py 4267 —ky —k, (A2 +52)W

4

HW (W +2uh)+ gwg S, W (W + ph) (22)

2 1

ab 1 4
O, +—A, W (W + uh)(W +2uh
64[/*2” 1mj( gl )

4 = ab o'W
a6

m

2 (N, 22 4 N2 (W 4 ah) +
2.3. Plates subjected to mechanical load

Consider the composite plates with Case | of boundary condition. The composite plates are
assumed that subjected uniform compressive forces P, and P, (Pascal) on the edges x=0,a, and

y=0,b

N, =—-Rnh, N, =-Rh. (23)

2.4. Plates with effect of temperature

Consider the composite plates with Case Il ofboundary conditions in the thermal environment.
The condition expressing the immovability on the edges, u=0(at x=0,a) and v=0 (at y=0,b), is
satisfied in an average sense as

Tj Mixdy =0, U—dxdy 0. (24)

From Eq. (3) and Eq. (14), we can obtain Eq. (25)
6u - - - - “ N
- Ail f,yy + A12 f,xx - Al6 f,xy + Bllw,xx + BlZW,yy + 2Bl(SW,xy

+AT (D, + Dp,a,) — W — W, W,
(25)

~ = Ai2 f,yy + A22 f,xx - A26 f,xy + BZlvv,xx + Bzzw,yy + ZBZG\N,xy

5)’
* * l 2 2
+AT (Dye + Dyyary) _Ew,y —W,W,

Substitution Eq. (19-20) into Eq. (25) and then results into Eq. (24), We can obtain the equation
of Nxo, Nyo as below
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Ny =IW +IWW +2uh) + J,AT (26)
Nyo=IW +IWW +2uh)+ JAT
where J, (i =1+6) are shown in the Appendix.

By substituting Eq. (26) into Eq. (22), leads to the basic equations used to investigate the nonlinear
dynamic response of the 2D penta-graphene composite plates in the Case 11 of boundary condition

[PI(FFZ FF)/14 P(FF2 FF)54 (FF2 |:|=)1252
4 F?-F? F7-F’ F?-F?

4(F F2 FZF) PS(F F2 FF) + Py A + P8+ Py A207 — K, — Ky (A2 + 62 )W

F:-F F -

+a—b(J3AT/1r§ +JAT ) (W +uh)+{lﬂm5n(l31i*+ P, 1 HW (W +2uh)

4 3 AZZ 1

I - (27)
+ §Mz 5, +—(J A5+ 3,00) [W(W + ph)

3 F/-R
+ a—b(Jzﬂ;uSaf)—a—b 1 ! o W (W + 2h) (W +2h)

4 64 )
L4 q- ab o°W

i P e

Eq. (27) is used to study behavior 2D penta-graphene composite plates subject dynamic load in the
thermal environment on elastic foundation.

3. Numerical results and discussion

This research studied composite plates under the present of an exciting force q=QsinQt. Q is

the amplitude of exciting force and Q is the frequency of the force. Numerical results for dynamic
response and vibration of the composite plates are obtained by Runge—Kutta method.

We performed density functional theory calculations to estimate the elastic modulus of the single-
layer penta-graphene. The structure of a penta-graphene sheet was derived from T12-carbon. Using
fitting coefficients, we have estimated Q,, of 201.4 GPa.nmand Q,, of 208.4 GPa.nm, Q,, of -18.6

GPa.nm and the Q. elastic constant was approximately 149.8 GPa, and thermal expansion
coefficients of penta-graphene (al,az) are (6.128,6.128) 10%/K, respectively.

Table 1. The elastic of the 2D penta-graphene by our calculations

Qi Q. Qi Qss o a,

201.4 208.4 -18.6 149.8 6.128 6.128
GPa.nm GPa.nm GPa.nm GPa 10°5/K 10%/K
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3.1. Validation

Park and Choi [23] studied the vibration of isotropic plates base on first-order shear deformation
theory. In order to evaluate the accuracy of the method used in this research, we compared the value of

— f h . .
the fundamental frequency parameter o = o, a* % of plates in case of homogeneous plates without

elastic foundations with results of Park and Choi [23].

Table 2 presents the influence of ratio length to thickness and ratio length to width on the
fundamental frequency of the isotropic plates. From Table 2, the values of the fundamental
frequencies obtained in this study very close to the results of Park and Choi [23]. The biggest

difference is only 1.456%. This confirms that the method used in this study is completely reliable.

— h
Table 2. Comparison of the fundamental natural frequencies @ = col_a2 % .
b/a=0.5 b/a=1
h/a 0.01 0.1 0.2 0.01 0.1 0.2
Park and Choi [23] 49.3045 45.5845 39.3847 19.7322 19.0840 17.5055
Present 49.1585 45.2167 38.9544 19.6127 18.8942 17.2507
Difference (%) 0.296 0.807 1.093 0.606 0.995 1.456

3.2. The natural frequency and dynamic response of 2D penta-graphene plates

Table 3. Effect of foundation and ratio b/a on natural frequencies (s’l) of 2D penta-graphene plates with (
#=0,b/h=100,(m,n)=(,1))

(ky,k2) b/a

1 15 2
(0.1, 0.02) 1629.0 1971.3 2368.9
(0.1, 0.04) 1697.9 2063.6 2486.9
(0.1, 0.06) 1764.1 2152.0 2599.6
(0.3, 0.02) 1985.9 2275.2 2627.1
(0.5, 0.02) 2287.8 2543.0 2862.2

Table 4.Effect of thickness and foundation on natural frequencies (s’l) of 2D penta-graphene plates
with (¢£=0,b/a=2)

b/h (k.. k,) (m, n)
L.1) (1.3) (1.5 3.5
80 (0.1, 0.02) 1227.8 1711.0 2401.6 3353.4
(0.3, 0.04) 1702.1 2115.8 2763.1 3708.0
(0.5, 0.06) 2070.5 2454.7 3082.6 4031.6
90 (0.1,0.02) 1151.7 1564.8 2166.2 3003.4
(0.3, 0.04) 1641.8 1985.7 25375 3357.1
(0.5, 0.06) 2016.0 2331.9 2861.0 3676.9
100 (0.1, 0.02) 1094.1 1451.1 1980.8 2725.7
(0.3,0.04) 1597.2 1887.2 2362.9 30816
(0.5, 0.06) 1976.1 2240.0 2691.2 3400.5
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Table 3 and Figure 2 show the effect of ratio length to width a/b on the behavior of 2D penta-
graphene composite plate. Table 2 shows the natural frequencies of penta-graphene with three case
ratio b/a = (1, 1.5, 2). The natural frequencies of the plate increase significantly when the ratio of b/a
increases. In case (k;,k,) = (0.1, 0.02), respectively, the natural frequencies increase 45.4% when
ratio b/a increase from 1 to 2. Figure 3 shows the dynamic response of penta-graphene plate with three
cases of b/a = (2, 2.5, 3). From Figure 3, it is noticeable that the amplitude of the fluctuation of the
structure is larger when the ratio of b/a decreases.

Table 4 and Figure 3 present the effect of length to thickness b/h on the behavior of 2D penta-
graphene composite plate. A glance at Table 4 provided reveals the effect of ratio b/h on natural
frequencies of the penta-graphene plate. We considered three values of ratio b/h = (80, 90, 100). It
can see that natural oscillation frequency decrease when b/h increase. In case (k;,k,) = (0.1, 0.02),

respectively, the natural frequency decrease from 1227.8 (s*l) to 1094.1 (571) when b/h increase

from 80 to 100. Figure 3 provided show the ratio length to thickness b/ h affect the dynamic response
of penta-graphene plate. Three case of ratio b/h = (60, 80, 100).The value of the amplitude of the
penta-graphene plates increases when the value of ratio b/h increase. When the plate is thick, the
structure is stronger.

%107

—=ba=2
5 |=—ba=25

b/h=100, W Ozofkl:OA 1(GPa/m)
k,~0.02(GPa.m), q=5*10%sin(5001)
1 L 1 L L 1

L L 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)

Figure 2. The ratio length to width a /b affect the behavior of the plate.

%10
—=b/h=60 |
—b/h =80
wesb/h =100

bla=2, W, =0, k =0.1(GPa/m)

k,=0.02(GPa.m), g=5*10°sin(500t)

) . . . . 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)

Figure 3. The ratio length to thickness b/ h affect the behavior of the plate.
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We can see the effect of the elastic foundation on the behavior of penta-graphene plate from Table
3, Table 4, Figure 4 and Figure 5. Table 3 and Table 4 present the influence of the elastic foundation
on the natural frequency of the plate. From those two tables, the frequency of plate increases
significantly when the stiffness of the elastic foundation increases. Figures 4 and 5 show the influence
of the foundation on the dynamic response of penta-graphene plates. Figure 4 considered three values
of ki = (0.1, 0.5, 0.9) (GPa/m). Figure 5 considered three values of k. = (0.02, 0.06, 0.1) (GPa.m).
Elastic foundation especially Pasternak foundation has a positive effect on the dynamic response of
penta-graphene plates. When the stiffness of the elastic foundation increases, the amplitude of the
plate will decrease.

4
2.5 210 , ,
===k, =0.1 GPa/m
2 —kI =0.5 GPa/m b
=asnk =0.9 GPa/m
15 1 -

-5 b/a=2, b/h=100, W =0 1
2 k,=0.02(GPa.m), g=5*10’sin(5001) 1
250 1 L I I L L L 1 L J

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)

Figure 4. Winkler foundation k; affect the behavior of the plate.

x10™*
—-k,=0.02GPam|
2|—k,=0.06 GPam

1.5 ....k2:0.lGPa.m q

\ kY
15 b/a=2, b/h=100, W =0 1
2F k,=0.1(GPa/m), q=5*10°sin(5001) 4

25 I 1 I I . I . I I |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

t(s)

Figure 5. Pasternak foundation k, affect the behavior of the plate.

Figure 6 illustrates the impact of the initial imperfection of plate on the dynamic response of
penta-graphene plate. Three case x = (0, 0.1, 0.2) was investigated in Figure 6. The plate is perfect

when x = 0. When the initial imperfect coefficient increase, the fluctuation range of the plate
decreases.
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Figure 7 demonstrates the impact of the thermal environment on the deflection amplitude — time
curve of the plate. Three values AT =(900,700,500) were investigated in Figure 7. Obviously, the

thermal environment has a negative effect on the nonlinear dynamic response of penta-graphene plate.
The temperature of the environment causes the amplitude fluctuation of the plate to increase.

6 |y = 0.1

'3
b/a=2, b/h=100, k =0.1(GPa/m)
k,=0.02(GPa.m), g=5*10’sin(500t)
it L L L

L 1 L
0 0.005 0.0 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)

Figure 6. Imperfect coefficient w affects the behavior of the plate.

%107
2.5 [== AT = 900(K)
— AT = 700(K)
2|eees AT = 500(K)

W(m)

2k b/a=2, b/h=100, W =0, k =0.1(GPa/m)
25 k2:0.02(GPa.m), q:5*1055in(5001)
{ . . . . | .
0 0.005 0.0 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

t(s)
Figure 7. Thermal environment affects the behavior of the plate.

Figure 8 shows the effect of exciting force amplitude on the dynamic response of penta-graphene
plates. In Figure 8, three cases of  the excitation force  amplitude

Q =(500 kN / m?,400kN / m?,300kN /mz)were considered. The amplitude of the excited force has a

clear negative impact on the dynamic response of penta-graphene plate.

Figure 9 demonstrates the impact of pre-loaded axial compression P, on the behavior of penta-
graphene plates. From Figure 9, the value of the amplitude fluctuation of the plate to increase when
the value of pre-loaded axial compression increase from 0 GPa to 0.6 GPa.

Figure 10 introduces the effect of the amplitude Q on the graph of the frequency and amplitude.
Obviously, the frequency — amplitude curve in the middle of the frequency — amplitude curves of
forced vibration. When the value of the amplitude Q increase, the frequency — amplitude curves of
force vibration and free vibration are farther apart.
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Figure 8. The amplitude Q affects the behavior of plate.
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Figure 9. The pre-loaded axial P, affect the behavior of plate.
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Figure 10. The amplitude Q affects the frequency — amplitude curves of plate
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4. Conclusions

This research analysed the behavior of penta-graphene composite plates on elastic foundation
based on the classical plate theory and Airy stress function. The elastic modulus of 2D penta-graphene
obtained by fit the strain energy equation and the density functional theory energies.

One highlight in this study was the study of the effect of the thermal environment on the behavior
of penta-graphene plate. From the results of the study, the conclusions obtained are:

- The value of the natural frequency of the penta-graphene plate affected by geometrical
parameters and elastic foundations has been examined.

- The influences ofgeometrical parameters on the nonlinear dynamic response curves of the penta-
graphene plate are examined.

- The elastic foundations have a positive effect while excitation force and mechanical loads have
negative effect on the nonlinear dynamic response curves of the penta-graphene plates.

- The influence of temperature field on the nonlinear dynamic response curves of penta-graphene
plates are investigated. Specifically, increasing temperature of the environment adversely affects the
behavior of the penta-graphene plates.
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Appendix
*_A22A66_A226 * _A16A26_A12A¥36 * _A12A26_A22A16
Ail_ A 'Aiz_ A 1A16_ A ’
s ARG AS AR AR AR A
Azz— 1 eA G,A%_ 2 6A 1 6'A66_ z '

A=Ay Ay s = An A + 2R, Ag Ao — AL A — A Ay,

B = ABu + ALBy, + AgBig, B, = AiBy, + ALB,, + ABy,
Bis = AliBig + AuBys + AsBes, By = Ay By + Ay By, + AygByg,
B = ABuy + AyByy + AssBrs, By = ALBig + Ay Bys + ABeg,
Bo1 = ABus + AxBir + AseBiss By = AgByy + AyByy + A By,
Bes = AlsBis + AsBas + AisBes, Din = AL AL + AL A, + AgAg,
Dpy = ApAy + Ay Ay + AogAos, Dy = AL Ay + Ay A, + AzeAie,
D2y = AA, + s Ay + As Ao, Dig = Ag Ay + A Ay + Ags A,
Dos = AsA + A Aoy + AssAss
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