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In this paper, the nonlocal buckling behavior of a biaxially loaded graphene sheet with
piezoelectric layers based on an isotropic smart nanoplate model is studied. The equilibrium
equations are derived with the von Karman-type geometrical nonlinearity by considering the
small scale effect. The buckling of multilayer smart nanoplate made of graphene and piezoelectric
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materials is investigated. Based on the nonlocal elasticity and shear and normal deformation
theories, the governing equilibrium equations are obtained using the principle of minimum total
potential energy and Maxwell’s equation.

Using an analytical approach, the governing stability equations of smart nanoplate have been
presented in terms of displacement components and electrical potential. In order to obtain the
stability equations, the adjacent equilibrium criterion is used. The stability equations are then
solved analytically, assuming simply supported boundary condition along all edges. To validate
the results, the critical buckling load values have been compared with available resources. Finally,
following validation of the results, numerical results for intelligent nanoplate are presented.

Also, the effects of different parameters such as nanoplate length, different nonlocal parameter,
piezoelectric layers thickness, the graphene thickness to length ratio, the piezoelectric layer
thickness to graphene thickness ratio and type of piezoelectric material on the critical buckling
loads of intelligent nanoplate are studied in detail. Furthermore, the effect of the mentioned
parameters on the critical buckling loads has been presented in some figures.
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Fig. 1 Schematic view of nanoplate
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Table 1 Properties of piezoelectric materials [25]
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73 84.2 66.2 ¢i5(GPa)
26 355 439 ct5(GPa)
-41 0.9 43 e51(Cm™2)
14.1 71 175 e55(Cm™2)
10.5 46 114 e15(Cm™2)
7.124 3.60 9.87 &, (nFm1)
5.841 342 11.16 Zya(nFmY)
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Table 2 Properties of graphene nanoplate [26]
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1987 1949 E; (GPa)
1974 1962 E,(GPa)
0.205 0.201 Uiy
857 846 Gy, (GPa)
0.22 0.27 eol(nm)
0.154 0.156 h(nm)
4.855 4.888 a(nm)
4.888 4.855 eol(nm)

Fig. 2 Zigzag and armchair structures of graphene nanoplate
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Table 6 The dimensionless critical buckling load values of smart
nanoplates for different values of small scale parameter and the
graphene thickness to the characteristic length ratio at open circuit
condition (h,,/2h = 0.25,E = 1949 GPa, v = 0.201)

eol/a 2h/a Qer eol/a 2h/a qer
0.05 0.01 1.4636 0.15 0.01 0.9291
0.03 1.4475 0.03 0.9160
0.05 1.4198 0.05 0.8957
0.1 1.3467 0.1 0.8496
0.2 11723 0.2 0.7289
0.3 0.9593 0.3 0.5741
0.4 0.7184 0.4 0.4005
0.5 0.4645 0.5 0.2183
0.1 0.01 1.1816 0.2 0.01 0.6548
0.03 1.1661 0.03 0.6422
0.05 1.1484 0.05 0.6297
0.1 1.0952 0.1 0.5957
0.2 0.9474 0.2 0.4987
0.3 0.7696 0.3 0.3785
0.4 0.5615 0.4 0.2318
0.5 0.3354 0.5 0.0761
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Table 7 The dimensionless critical buckling load values of nanoplates
for different values of the thickness ratio and different piezoelectric
materials at open circuit condition (2h/a = 0.03,eyl/a = 0.05,E =
1949 GPa,v = 0.201)

hy/2h PZT-4 BaTiO3 PZT-6B
0 1.9135 1.9135 1.9135
0.05 1.8260 1.8570 1.8707
0.1 1.7368 1.7950 1.8184
0.15 1.6380 1.7166 1.7478
0.2 1.5437 1.6433 1.6757
0.25 1.4475 1.5617 1.5924
0.3 1.3352 1.4766 1.5053
0.35 1.2154 1.3755 14124
0.4 1.0926 1.2595 1.2962
0.45 0.9648 1.1387 11779
0.5 0.8071 1.0064 1.0562
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Table 4 Comparison of the nanoplates critical buckling loads with the
results of molecular dynamics in [30]

el =V1.78 el =V1.76 eol =V1.73 [30] a(nm)
1.0732 1.0835 1.0961 1.0837 4.99
0.6502 0.6536 0.6587 0.6536 8.08
0.4316 0.4340 0.4359 0.4331 10.77
0.2608 0.2616 0.2623 0.2609 14.65
0.1719 0.1722 0.1723 0.1714 18.51
0.1197 0.1198 0.1201 0.1191 22.35
0.0891 0.0894 0.0899 0.0889 26.22
0.0696 0.0699 0.0705 0.0691 30.04
0.0559 0.0559 0.0561 0.0554 33.85
0.0450 0.0452 0.0455 0.0449 37.81
0.0371 0.0372 0.0374 0.0372 41.78
0.0315 0.0315 0.0316 0.0315 45.66
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Table 5 The dimensionless critical buckling load values of smart
nanoplates for different values of small scale parameter and the
thickness ratio at open circuit condition ( 2h/a = 0.03,E =
1949 GPa,v = 0.201)

eol hy/2h Acr eol hy/2h Acr
0 0 2.0517 0.15 0 1.2361
0.1 1.8924 0.1 11291
0.2 1.6941 0.2 0.9943
0.3 1.4745 0.3 0.8374
0.4 12241 0.4 0.6390
05 0.9146 0.5 0.4218
0.05 0 19135 0.2 0 0.9495
0.1 1.7368 0.1 0.8410
0.2 1.5437 0.2 0.7094
0.3 1.3352 0.3 0.5721
0.4 1.0926 0.4 0.4262
05 0.8071 0.5 0.2663
0.1 0 1.6036 0.3 0 0.7369
0.1 1.4538 0.1 0.6473
0.2 1.2614 0.2 0.5365
0.3 1.0683 0.3 0.4243
0.4 0.8566 0.4 0.2898
05 0.6136 0.5 0.1498
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Fig. 5 Variation of the dimensionless critical buckling load versus the
thickness ratio and for different piezoelectric materials at open circuit
condition (2h/a = 0.03, E = 1949 GPa,v = 0.201)
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Fig. 3 Variation of the dimensionless critical buckling load versus the
thickness ratio and for different values of small scale parameter at open
circuit condition (2h/a = 0.03,E = 1949 GPa,v = 0.201)
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Fig. 4 Variation of the dimensionless critical buckling load versus the
graphene thickness to the characteristic length ratio and for different
values of small scale parameter at open circuit condition (hy,/2h =
0.25,E = 1949 GPa,v = 0.201)
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