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Abstract. This study aims to analyze the mechanical buckling behavior of a single-walled carbon nanotube
(SWCNT) integrated with a one-parameter elastic medium and modeled as a Kerr-type foundation under a longitudinal
magnetic field. The structure is considered homogeneous and therefore modeled utilizing the nonlocal first shear
deformation theory (NL-FSDT). This model targets thin and thick structures and considers the effect of the transverse
shear deformation and small-scale effect. The Kerr model describes the elastic matrix, which takes into account the
transverse shear strain and normal pressure. Using the nonlocal elastic theory and taking into account the Lorentz
magnetic force acquired from Maxwell relations, the stability equation for buckling analysis of a simply supported
SWCNT under a longitudinal magnetic field is obtained. Moreover, the mechanical buckling load behavior with
respect to the impacts of the magnetic field and the elastic medium parameters considering the nonlocal parameter, the
rotary inertia, and transverse shear deformation was examined and discussed. This study showed useful results that can
be used for the design of nano-transistors that use the buckling properties of single-wall carbon nanotubes (CNTs) due
to the creation of the magnetic field effect.
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1. Introduction

Nanotechnology is defined as the creation and use of materials, instruments, and systems relating
to dimensions of the order of 1 to 100 nanometers (National Science and Technology Council).
Suppose a new term, nanotechnologies, has been defined to refer to designate small objects. In that
case, it is not only because they represent the final stage of miniaturization but also because, at the
nanoscale, the behavior of matter gives rise to new physical, chemical, and even biological
properties. Nanosciences are concerned with new phenomena at the level of nano-objects and
interactions between nanometric objects.

Carbon nanotubes (CNTs) were found by Simio [ijima in 1991 (Iijima 1991). They are formed
by the winding of one or more sheets of graphene. They are considered nano-objects containing a
macroscopic dimension in one direction and nanometric in the other two. These nano-objects
supreme and outstanding characteristics attracted many physicists, chemists, and biologists from all
countries. For this, many applications in nanotechnology are already identified in various fields;
electronics (Tsukagoshi et al. 2002), optics (Kempa et al. 2007), and other areas of materials science
(Ma et al. 1998, Meyyappan 2004). Experimental studies have shown that the CNTs’ physical
propetties are affected by the existence of buckling. Therefore, the alterable transformation between
the normal and buckled states of CNTs can result in possible applications such as nano-fluid
components “nano-valve” (Grujicic et al. 2005) and nano-electronic devices “nano-transistors”
(Postma et al. 2001), and alterable elements in nano-electromechanical systems.

Two essentially one-of-a-kind approaches to be had for theoretical simulation of nanostructured
materials are the continuum mechanics simulations and atomistic approaches. The atomistic
approach consists of tight-binding molecular dynamics “TBMD” and density functional theory
“DFT”, and classical molecular dynamics “MD” (lijima et al. 1996, Sanchez-Portal ef al. 1999).
These approaches are frequently computationally in-depth and expensive, particularly for large-
scale CNTs with an excessive range of walls. Several researchers have studied different structures
by nonlocal models that have proven satisfying results compared to atomic models. Thus, the study
based on the continuum mechanics of CNTs is increasingly considered a way of opportunity to
model substances at the nanometer scale.

In recent years, several researchers have studied the behavior of nanostructures using different
continuum models, Wang et al. (2006) conducted micro-and nano-rods/tubes buckling analysis
based on nonlocal Timoshenko beam theory. Ahmad er al. (2021) showed a thermal buckling
analysis of circular bilayer graphene sheets resting on an elastic matrix based on nonlocal continuum
mechanics. Abouelregal et al. (2021) investigated on temperature-dependent physical characteristics
of the rotating nonlocal nanobeams subject to a varying heat source and a dynamic load established
in the context of nonlocal thermoelasticity theory. Mikhasev et al. (2022) carried out a pull-in
instability Analysis of a nanocantilever based on the two-phase nonlocal theory of elasticity. Shariati
et al. (2022) studied size effect on the axisymmetric vibrational response of functionally graded
circular nano-plate based on the nonlocal stress-driven method. Abouelregal et al. (2022) presented
a computational analysis of an infinite magneto-thermoelastic solid periodically dispersed with
varying heat flow based on non-local Moore-Gibson-Thompson approach. In the literature there are
many studies about carbon nanotubes that deal with their mechanical and vibrational response, some
of them present them in a void medium, and others embedded in an elastic one. Sudack (2003)
presented column buckling of multiwalled CNTs by utilizing the approach of nonlocal continuum
mechanics. Salamat and Sedighi (2017) investigated vibrational behavior of single-walled CNTs at
a small scale and a moving nanoparticle Bensattalah ez al. (2019) established a free vibration analysis
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of chiral single-walled carbon nanotubes for a new nonlocal beam model. Malikan et al. (2018a)
analyzed the dampened forced vibration of single-walled carbon nanotubes based on a viscoelastic
foundation in a thermal environment using non-local strain gradient theory. Malikan ef al. (2019Db,
2020a, 2020b and 2020c) analyzed the buckling response of a différents carbon nanotubes based on
a various continuum beam models. Koochi and Goharimanesh (2021) explored the nonlinear
oscillations of the CNT nano-resonator. Yusufoglu, and Avey (2021) analyzed the nonlinear dynamic
response of shells reinforced various distributions of CNTs. The distributions were hyperbolic
paraboloidal. Gia Phi ef al. (2022) studied nonlinear free vibration characteristics of functionally
graded (FG) composite micro-beams reinforced by carbon nanotubes (CNTs) with piezoelectric
layers in thermal environment. Civalek and Avcar (2022) utilized the discrete singular convolution
method to analyze the free vibration and buckling of laminated non-rectangular plates reinforced
with carbon nanotubes based on nonlocal elasticity.

In recent years, many researchers have been widely interested in CNTs embedded in an elastic
medium due to their large applications in different fields such as nanotechnology, electronics,
physics, chemistry, reinforced composite structures, and engineering. Winkler (1867) presented the
first type of elastic foundation as the “one parameter” foundation model, given that it is characterized
only by the vertical stiffness of the Winkler foundation springs. Pasternak (1954) improved the
Winkler model by introducing a second parameter to describe the existence of shear stress inside the
elastic medium. Several researchers have utilized the first type of elastic foundation and the second
type (Pradhan and Reddy 2011, Shahsavari et al. 2018, Avcar et al. 2016 and 2018, She et al. 2018,
Demir et al. 2018, Malikan et al. 2019a and 2019¢ Shanab et al. 2020, Benferhat ez al. 2020, Rachedi
et al. 2020, Timesli 2020a and 2022, and Jena et al. 2021.), they studied the responses of nano and
microstructures embedded in the Winkler-Pasternak and visco-Pasternak medium In order to further
improve the Pasternak model, Kerr (1965) has proposed the addition of a third parameter (Kerr type)
to present greater flexibility in controlling the grade of foundation-surface continuity among the
loaded and the unloaded area of the elastic beam system. Recently many researchers have adopted
Kerr’s foundation to model elastic mediums. Using Kerr elastic medium and the nonlocal Donnell
shell theory under axial compression, Timesli (2020b) analyzed the stability of embedded double-
walled CNTs. Bensattalah et al. (2018) conducted critical buckling loads analysis of SWCNT
implanted in the Kerr medium. Zhang et al. (2019) studied the impact of the Kerr-type elastic
foundation parameters on the buckling response of a beam.

The magnetic field effect on the mechanical and vibrational response of CNT embedded using
the continuum model is not often referred to within the open literature. Narendar et al. (2012)utilized
the approach of wave propagation and nonlocal elasticity to study the vibrations in SWCNTs under
the longitudinal magnetic field. Their work includes circumferential vibration patterns in both axial
and radial directions; it demonstrated that the vibration frequencies of SWCNTSs drop significantly
for various circumferential wave numbers and in the presence of the magnetic field. Such an effect
is also observed for the SWCNT with diverse boundary conditions. Wei and Wang (2004)
investigated the various wave patterns in the magnetic field with coupling in longitudinal or
transverse. Wong et al. (2010) studied the influence of a longitudinal magnetic field on wave
propagation in a CNT implanted in an elastic matrix. Using a new refined beam theory, Jena et al.
(2020) recently studied the vibration and buckling responses of a nonlocal beam embedded in a
magnetic field and resting on Winkler-Pasternak elastic foundation. They found that the critical
buckling loads and natural frequency increase with increasing the Winkler modulus. Still, this rise
is more important in the case of critical buckling load.

In this work, the longitudinal magnetic field and the transverse shear deformation effects on the
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buckling loads of implanted SWCNTs in an elastic medium modeled by Kerr are discussed for the
first time via a continuum model which targets thin and slightly thick structures. However, it is not
recommended for high-thickness structures. The influence of a longitudinal magnetic field on
buckling loads of SWCNTs integrated with an elastic medium modeled by Kerr, considering the
transverse shear deformation effects, is analyzed for the first time via a nonlocal first shear
deformation theory (NL-FSDT). The results were validated by comparing the published results
acquired by other researchers. The effects of the transverse shear deformation, nonlocal parameter,
radius, and length of SWCNT, and the foundation parameters on buckling of SWCNT implanted in
an elastic medium with the influence of a magnetic field are investigated.

2. Methodology
2.1 Assumptions

Many beam theories suggested over the years to study the behaviour of unidimensional
nanostructures modeled on isotropic hanobeams, NL-FSDT is fundamentally easier to adopt for
modeling shear deformation effect. NL-FSDT is still in widespread use today thanks to their
simplicity. It is now well known that in the analysis of nanobeams, shear deformation effects become
important not only for thick beams, but even for thin beams. Since classical non-local beam theory
(NL-CBT) does not take into account shear effects, many theories have developed to fill this gap.
According to the N-FSDT, the following displacement field can be expressed as follows (Malikan
2017)

u(x, z) = —z0(x)

w(x, z) = w(x)

1)

where w is a transverse component of the dis-placement in the mid-plane of the beam. Moreover, ¢
denotes the rotation of the cross-sectional area of the beam.

In the proposed theory, the displacement field is selected with the subsequent assumptions:

(1) The displacements are small compared to the thickness of nanobeam, and, hence, the strains
affected are infinitesimal.

(i1) The transverse displacement w consists of two-part, one for bending ws, and the other for
shear ws. These parts are considered to be functions of coordinate x only

W(X! Z) = Ws (X) + Wb (X) (23-)

(iii) The transverse normal stress o: is insignificant compared to in-plane stresses ox.
(iv) The rotation variable in the S-FSDT is expressed in terms of the bending component only:

_dwp
0 =2 (2b)
2.2 Kinematics

— _,9wp
u(x,z)=-z ™ (32)

w(x, z) = wy + wg (3b)
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where w is displacement in the transverse direction at point (x,z). On the middle plane, itis (i.e., z=0)
of the beam. The strains related to the displacements in Eq. (3) are

d2Wb
dx?

and y,, = i )

Ex = —Z
x dx

2.3 Constitutive relations
Eringen (1972) was the first considered nonlocal elasticity. The reference point’s stress is

considered to be a function of the strain field at every continuum point. Eringen developed a form
of nonlocal constitutive relation as (Eringen 1972)

d?oy

Ox —H dxlfz = E¢, (58.)
dz XZ

Txz — H d; = GVxz (5b)

where g, T,,, are the axial and shear stresses in the nanobeam, respectively. E and G are the Young
and shear modulus of the nanobeam, respectively. z=(eda)? is the nonlocal parameter, eo is a constant
factor used for each material, and a is a characteristic internal length (Demir and Civalek 2013,
Ahmed et al. 2020, Bouhadra et al. 2021, Lata and Singh 2022).

2.4 Stability equation

The virtual work principle (VWP) is utilized here to acquire the equations of equilibrium. The
principle can be analytically formulated in the following form (Ahmed et al. 2019, Mehar and Panda
2019, Hosseini et al. 2020)

§[,(U+V)dV =0 (6)

where U represents the strain energy, virtual variation; 0/ is the potential energy virtual variation.
The strain energy variation of the beam is given as

0 = - oy (£22) 1 0 (42) 0

where dwy, Swg, and (M, Q) are respectively the variation of bending displacement, the variation
of de shear displacement, and the stress resultants defined as

M, = fAZ oydAand Q = fA‘erdA (8)
The potential energy variation with applied loads can be found as
6V = fOL qd(wp + wy)dx — f:POZ—:f—:dx )

where P, and g are the axial and elastic foundation effects, respectively.

Substituting the relations of 6U and oV from Egs. (7) and (9) into Eq. (6) and applying the
integration by parts, and finding coefficients of § w;, and & w, the equilibrium equations of the
proposed beam theory can be determined
My
dx?

dZ
Swy: — +q—P0ﬁ(wb+Ws)=0 (10a)
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dZ
dx?

5ws:—3—§+q—130 (wp +wg) =0 (10b)

By considering Eq. (8) into Eq. (5), the nonlocal moment resultant is found as

d?m d?
My —pzr = =D T3 (11a)
EMy _ pdws
Q-u—_ =B (11b)
where
D= [, z?EdA=Eland B = k [, G dA = k,GA (12)

where E, G, I, A, and ks are respectively Young’s and shear modulus, the inertia moment of area,
cross-area of the tube, and the shear correction factor that can be utilized to balance the error due to
the constant shear stress assumption. To derive the nonlocal governing equations, first, we put Egs.
(10) into (11) to derive the resultants M and Q in the nonlocal forms. Then, the obtained resultants
will be put into Eq. (10) to derive the final equations; the nonlocal equilibrium equation which
describe the buckling load of a SWCNT embedded in an elastic medium and subjected to a
longitudinal magnetic field effect, can be stated in terms of displacements (w) as

da* d? d?
D2t (1= p) |querr + £ = Poy (W + wi)| = 0 (12a)

d?wg d? d?
~B 4 (1= =) [Qkerr + f () = Po g (wy + )| = 0 (12b)

The current theory is utilized to analyse the buckling behaviour of the SWCNTSs under an axial
compressive load Py and embedded in a longitudinal magnetic field. The elastic medium is
represented as Kerr type of foundation. It contains three parameters in the elastic model consisting
of an independent upper (with stiffness kc), shear layer (with stiffness ks), and lower (with stiffness
kw) elastic layers (represented by distributed springs) gker denotes the Kerr foundation model
distributed reaction described by (Van Cauwelaert et al. 2002)

1 2 6
Qkerr = H__k_kaW — k¢ 422 k. dxb (12c)
It is assumed that the SWCNT is under a longitudinal magnetic field effect in this problem.
Here f(x) represents the force per length. Therefore, it can be expressed as (Narendar et al. 2012)

fx) =f;A (13)

where f, is the Lorentz magnetic force that can be found from Maxwell’s relations (Narendar et al.
2012, Jena et al. 2020) and A the cross area.
d?w

fo =nH; — (14)
dx

in which f, represents the body force, ) is the magnetic permeability, and Hx is an axial magnetic
field (Narendar et al. 2012).

2.5 Analytical solutions

In this work, the analytical solutions for buckling were given for simply supported isotropic
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Fig. 1 The SWCNT in a longitudinal magnetic field embedded in Kerr medium (Bouchareb et al. 2022)

beams. The boundary conditions of beams used are
w=0,M=0atx=0,L (15)

Based on Navier’s procedure (Malikan and Dastjerdi 2018, Hadji et al. 2019, Hadji and Bernard
2020). The displacement field satisfies governing equations, and boundary conditions can be given
as follows

Wp w Wy, sin(ax) et
=y . 16
{WS} Zn=1 {Wsn sin(ax) e'®* (16)

where Wwand Wsn, are arbitrary parameters to be obtained, w is the eigenfrequency related to m, the
eigenmode, and a=.mm/L.
Considering Eq. (16) into Egs. (11) the closed-form solutions can be expressed as follows

S-S —a2511k6+k—‘;’+k6
— 11922 2 k¢ a
Pcr - 1(511_5_22) + ﬂAHx + —(1+,;7W) (]_7)

where S;; = Da?, S,, =k;GAand A =1 + ua?
And by putting only Hx=0, the corresponding buckling load via NFSDT of the CNT embedded
in Kerr’s medium can be obtained.

3. Results and discussions

In this part, the numerical calculations are carried out for the mechanic buckling characteristics
of embedded SWCNTSs in the Kerr medium under a longitudinal magnetic field (see Fig. 1).

3.1 Validation

By putting (kw, ke)=0 and ke>> and Hx=0, we obtain the corresponding analytical solutions for
SWCNT without any elastic medium or magnetic field effect. Then the results are compared with
those published by Malikan and Dastjerdi (2018), Jena et al. (2020) for different beam lengths and
nonlocal parameters, which can be demonstrated in Tables 1 and 2. For the calculations purpose, the
values of E=1 TPa, Poisson’s ratio (v)=0.18, and diameter (d)=1 nm were used.

In Table 1, the results of the critical buckling load (Pcr) via the current method are compared
with those shown by Malikan and Dastjerdi (2018b) carried out by the Timoshenko beam theory
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Table 1 Validation of critical buckling load (P.r) with (Malikan and Dastjerdi 2018)

e0a=0 €0a=0.5 eoa=1 eoa=1.5 eoa=2

Malikan and Dastjerdi (2018) L=10 4.7609 4.6462 4.3332 3.8957 3.4133
Present B 4.7609 4.6462 4.3332 3.8957 3.4133

Malikan and Dastjerdi (2018) L=12 3.3237 3.2677 3.1105 2.8797 2.6086
Present B 3.3237 3.2677 3.1105 2.8797 2.6086

Malikan and Dastjerdi (2018) L=14 2.4498 2.4193 2.3323 2.2005 2.0391
Present - 2.4498 2.4193 2.3323 2.2005 2.0391

Malikan and Dastjerdi (2018) L=16 1.8795 1.8616 1.8098 1.7295 1.6284
Present B 1.8795 1.8616 1.8098 1.7295 1.6284

Malikan and Dastjerdi (2018) L=18 1.4872 1.4760 1.4432 1.3918 1.3257
Present - 1.4872 1.4760 1.4432 1.3918 1.3257

Malikan and Dastjerdi (2018) L=20 1.2059 1.1985 1.1768 1.1424 1.0976
Present - 1.2059 1.1985 1.1768 1.1424 1.0976

Table 2 Validation of critical buckling load with Ref. (Malikan and Dastjerdi 2018, Jena et al. 2020) (P¢r in
nN)

ea=0 ea=0.5 epa=1 epa=15 epa=2

Malikan and Dastjerdi (2018), Jena et al. (2020) L=10 47609 4.6462 4.3332 3.8957 3.4133
Present* B 47609 4.6462 4.3332 3.8957 3.4133
Malikan and Dastjerdi (2018), Jena et al. (2020) L=12 3.3991 3.3418 3.1810 2.9449 2.6677
Present* - 3.3991 3.3418 3.1810 2.9449 2.6677
Malikan and Dastjerdi (2018), Jena et al. (2020) L=14 2.4905 2.4595 23711 2.2370 2.0729
Present* - 2.4905 2.4595 23711 2.2370 2.0729
Malikan and Dastjerdi (2018), Jena et al. (2020) L=16 1.9034 1.8852 1.8327 1.7515 1.6494
Present* - 1.9034 1.8852 1.8327 1.7515 1.6494
Malikan and Dastjerdi (2018), Jena et al. (2020) L=18 15021 1.4907 1.4577 1.4057 1.3389
Present* B 15021 1.4907 1.4577 1.4057 1.3389
Malikan and Dastjerdi (2018), Jena et al. (2020) L=20 1.2156 1.2082 1.1864 1.1517 1.1064
Present™ - 1.2156 1.2082 1.1864 1.1517 1.1064

(TBT), it is noted that there is an excellent matching between the results.

In Table 2, the results of the critical buckling load (Pcr) obtained from the current study are
compared with those presented by Malikan and Dastjerdi (2018b), Jena et al. (2020) analyzed with
two models, consecutively, a simple first shear theory (S-FSDT) and a one variable shear
deformation theory (OVFSDT). It can be observed that the results shown for the two theories are an
excellent match with the proposed method results.

It can be noted that the shear correction factor found in Timoshenko’s theory could be a severe
defect in light of its approximate quantity (ks=5/6). Even though this value has been applied in the
case of moderately thick models, it is found that it cannot be considered an exact value to analyze
several cases, especially nanostructures (Malikan and Dastjerdi 2018, Jena et al. 2020). This is why
we made the shear correction factor ks disappear in the current method (present *).

In Table 3, the results of the critical buckling load by the current model (present*) are compared
with the results displayed by Jena et al. (2020) via OVFSDT for Winkler modulus and Pasternak
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Table 3 Effect of Winkler, Pasternak, and Kerr modulus on the critical buckling load: (P¢r in nN with L=10
nm)

e0a=0.5 eoa=1 ea=1.5 goa=2
k=0 Jenaetal. (2020) 700.7004 700.2334  699.5807  698.8610
v Present* 698.1328  697.6573  696.9929  696.2601
=1 Jenaetal. (2020) 711.2901 710.8230  710.1704  709.4506
" Present* 708.2649  707.7894  707.1250  706.3922
(= Jenaetal. (2020) 721.8797 721.4127  720.7600  720.0402
Effect of Winkler " Present* 718.3970  717.9215  717.2571  716.5243
modulus (kvin GPa) k=3 Jenaetal. (2020) 732.4693  732.0023  731.3496  730.6299
" Present* 7285291 728.0536  727.3892  726.6565
- Jenaetal. (2020) 743.0590 742.5919  741.9393  741.2195
" Present 738.6612 738.1858  737.5213  736.7886
- Jenaetal. (2020) 753.6486 753.1816  752.5289  751.8091
" Present* 7487933  748.3179  747.6534  746.9207
k=0 Jenaetal. (2020) 188.7128 188.2458  187.5931  186.8733
Present* 208.2649  207.7894  207.1250  206.3922
ke=100 Jenaetal. (2020) 293.2283 292.7612  292.1086  291.3888
Present* 308.2649  307.7894  307.1250  306.3922
ke=200 Jenaetal. (2020) 397.7437 397.2767  396.6240  395.9042
Effect of shear Present™ 408.2649  407.7894 407.1250 406.3922
modulus (ks in nN) o300 Jemaetal (2020) 5022592 501.7921  501.1395  500.4197
¢ Present* 508.2649  507.7894  507.1250  506.3922
ke=400 Jenaetal. (2020) 606.7746  606.3076  605.6549  604.9351
Present 608.2649  607.7894  607.1250  606.3922
e =500 Jenaetal. (2020) 711.2901 710.8230  710.1704  709.4506
Present* 708.2649  707.7894  707.1250  706.3922
ke =10 693.7105 693.2350  692.5706  691.8378
Effect of Kerr ke =20 700.6411  700.1657  699.5012  698.7685
. ke =30 Present* 703.1004 702.6250  701.9605  701.2278
modulus (kc in GPa)
ke =40 704.3600 703.8846  703.2201  702.4874
ke =50 705.1257  704.6502  703.9858  703.2530

modulus. It can be observed that there is excellent matching between the results. The adopted data
in generating these results are:

To calculate the effect of the Winkler modulus, ke=500 nN, kc>>, and Hx=0 with L=10 nm were
considered.

To calculate the effect of the Pasternak modulus, kw=1 GPa, ke>>, and Hx=0 with L=10 nm were
used.

For this analysis’s interest, the Kerr modulus was calculated by setting kw=1 GPa, ke=500 nN,
and Hx=0 with L=10 nn.

On the other hand, it is clearly observed from Table 3 that the trend of the critical buckling load
is the same for the variation of the three parameters of the elastic medium, it increases with the
increased modulus, and we also notice that the nonlocal parameter drops the critical buckling load.
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Fig. 2 Ratio of the critical buckling load of SWCNT by NL-FSDT to the nonlocal EBT (Bensattalah
et al. 2018) and the length to diameter ratio (L/d) for different nonlocal parameters values (e;a)
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7
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0 1 2 3 4 x10
Magnetic field (H))

Fig. 3 Magnetic field effect (Hx) on the critical buckling loads with various values of Kerr modulus (kc¢)

The parameters used in calculations for Fig. 2 are: E=1 TPa, G=E/ [2(1+v)], v=0.19, rod diameter
d=1nmand I=zd*/64. And the following dimensionless variables are introduced for the lower spring
parameter kw, the upper spring parameter ke and the intermediate shear layer parameter ke:
(Bensattalah et al. 2018)

—_ L4 — LZ - L4—
kw = ;kw’ kG = ;kG, kc = Ekc

From Fig. 2, it can be found that for various nonlocal parameter values, all ratios are smaller than
1.0. This can be attributed to the effects of the critical buckling load, and the transverse shear
deformation of the nonlocal NL-FSDT is lower than that of the nonlocal Euler-Bernoulli beam
model (Bensattalah et al. 2018). This phenomenon is evident for smaller nonlocal parameter values
and slenderness ratios. It means that the effects of the transverse shear deformation can be used, and
the nonlocal NL-FSDT is more precise for short CNT.
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For different values of Hx and k., the influence of the intensity in the magnetic field on critical
buckling loads is presented in Fig. 3. It can be observed from the results that the critical buckling
loads increased very quickly in response to the change in the value of Hx and for different values of
ke (10, 20, 30, 40, and 50 GPa), the obtained curves for the critical buckling loads keep the same
trend as for Hx. We can deduce from this analysis that the magnetic field plays the same role as the
elastic medium, i.e. increases the hardness of the material.

Fig. 4 shows the variation of the critical buckling load of SWCNT as a function of Kerr modulus
for different nonlocal parameter values. Five different nonlocal parameters values (eoa=0, 0.5, 1,
1.5 and 2 nm.) are considered. This present computation uses a constant value of magnetic field
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(Hx=4x108 A/m) and Kerr’s parameters (kw=1 GPa, ke=500 nN). The figure shows that the critical
buckling load decreases as the nonlocal parameter increases. It can also be seen from the obtained
curves that the critical buckling loads directly correlate with Kerr modulus values (kc). From this
analysis, it is obvious that the elastic medium hardens our material contrary to the scale parameter,
Hence the need to take that into account when manipulating these kinds of structures.

Fig. 5 shows the critical buckling loads variation of SWCNT with the length for different
magnetic field values. Four different magnetic field values are considered for the study, viz. Hx=0,
3x10°%, 5x10° and 7x10® A/m. The figure shows that as the length (L) increases, the critical buckling
loads decrease until they become constant for higher values of L. This can be explained by the
disappearance of the shear effect which becomes negligible for longer structures. On the other hand,
the magnetic field effect keeps the trend as for the other figures.

Fig. 6 demonstrates the relation between the critical buckling loads and the length and axial mode
number. The most observed characteristic is that the mode number (m) influence increases the
critical buckling loads, unlike the length (L), which decreases the critical buckling loads. However,
the difference becomes insignificant with increasing lengths; this can be justified by the weakness
of the structure due to the increase in its length

5. Conclusions

In this study and using nonlocal first shear deformation beam theory (NL-FSDT), the critical
buckling features of SWCNTSs implanted in an elastic medium in a longitudinal magnetic field were
predicted. The size effect is considered in the mathematical formulation with the help of Eringen’s
nonlocal model. The governing equations of the system were determined via a virtual work model
and resolved by Navier’s method. The influences of the small scale, the length, the mode number,
the stiffness of the surrounding elastic medium, the transverse shear deformation, and the magnetic
field of the critical buckling properties are investigated.
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It is observed that the critical buckling load of NL-FSDT is lower than that of the nonlocal Euler-
Bernoulli beam model (Bensattalah et al. 2018) for smaller aspect ratio values because of the
presence of transverse shear deformation that decreases the critical buckling loads. It means that the
effects of the transverse shear deformation could be considered, and the nonlocal NFSDT is more
accurate for short CNT.

The critical buckling loads decrease with increasing nonlocal parameter values. Therefore, it can
be observed that the classical elastic (i.e., the local) model that doesn’t take the nonlocal parameter
influences will provide a higher estimation for the critical buckling load. However, the theory of the
nonlocal continuum will demonstrate a precise and reliable result. Moreover, an attractive
characteristic that can be presumed is that as Kerr’s parameters increase, the critical buckling load
value decreases regardless of the magnetic field values. The critical buckling load follows an
increasing pattern with the rise of mode number, unlike the length, which decreases the critical
buckling loads but becomes low in slender nanotubes.

These results are important in the mechanical design considerations of the next generation of
nano-devices using carbon nanotubes under a magnetic field (e.g., in electronic applications; the
design of nano-transistors that use the buckling properties of single-wall CNTs due to the creation
of a magnetic field effect, etc.). In fact, the embedded CNTs may not give researchers a good
performance if the mechanical response of the nanotubes in a magnetic surround is not understood.
Similar work will be started in the near future concerning other nano-objects, based on other
continuums models.

The current model can be extended to examine others types of materials as used in (Cuong-Le et
al. 2019a, b, 2020a, b, Khatir et al. 2019, Zenzen et al.2020, Khatir et al. 2021, Akbas 2022,
Alimoradzadeh and Akbas 2022, Azandariani et al. 2022, Chinnapandi et al. 2022, Cho 2022a, b,
Choi et al. 2022, Cuong-Le et al. 2022a, b, Du et al. 2022, Bochkareva and Lekomtsev 2022, Ding
et al. 2022, Fan et al. 2022, Huang et al. 2022, Hagos et al. 2022, Kumar and Kattimani 2022, Liu
etal. 2022, Mula et al. 2022, Man 2022, Rezaiee-Pajand et al. 2022, Tran and Cuong-Le 2022, Polat
and Kaya 2022, Yaylaci et al. 2022c, Wu and Fang 2022, Zhu et al. 2022).

References

Abouelregal, A.E., Mohammad-Sedighi, H., Faghidian, S.A. and Shirazi, A.H. (2021), “Temperature-
dependent physical characteristics of the rotating nonlocal nanobeams subject to a varying heat source and
a  dynamic load”, Facta  Universitatis, Ser.: Mech. Eng., 19(4), 633-656.
https://doi.org/10.22190/FUME201222024A.

Abouelregal, A.E., Mohammad-Sedighi, H., Shirazi, A.H., Malikan, M. and Eremeyev, V.A. (2022),
“Computational analysis of an infinite magneto-thermoelastic solid periodically dispersed with varying heat
flow based on non-local Moore-Gibson-Thompson approach”, Contin. Mech. Thermodyn., 34(4), 1067-
1085. https://doi.org/10.1007/s00161-021-00998-1.

Ahmad Pour, M., Golmakani, M.E. and Malikan, M. (2021), “Thermal buckling analysis of circular bilayer
graphene sheets resting on an elastic matrix based on nonlocal continuum mechanics”, J. Appl. Comput.
Mech., 7(4), 1862-1877. https://doi.org/10.22055/JACM.2019.31299.1859.

Ahmed, R.A., Fenjan, R.M., Hamad, L.B. and Faleh, N.M. (2020), “A review of effects of partial dynamic
loading on dynamic response of nonlocal functionally graded material beams”, Adv. Mater. Res., 9(1), 33-
48. https://doi.org/10.12989/amr.2020.9.1.033.

Ahmed, R.A., Fenjan, R.M. and Faleh, N.M. (2019), “Analyzing post-buckling behavior of continuously
graded FG nanobeams with geometrical imperfections”, Geomech. Eng., 17(2), 175-180.


https://www.worldscientific.com/doi/epdf/10.1142/S0219455422501930
http://dx.doi.org/10.22190/FUME201222024A

256 Belkacem Selmoune et al.

https://doi.org/10.12989/gae.2019.17.2.175.

Akbas, S.D. (2022), “Moving-load dynamic analysis of AFG beams under thermal effect”, Steel Compos.
Struct., 42(5), 649-655. https://doi.org/10.12989/scs.2022.42.5.649.

Alimoradzadeh, M. and Akbas, S.D. (2022), “Nonlinear dynamic behavior of functionally graded beams
resting on nonlinear viscoelastic foundation under moving mass in thermal environment”, Struct. Eng.
Mech., 81(6), 705-714. https://doi.org/10.12989/sem.2022.81.6.705.

Avcar, M, (2016), “Effects of material non-homogeneity and two parameter elastic foundation on fundamental
frequency parameters of Timoshenko beams”, Acta Physica Polonica A, 130(1), 375-379.
https://doi.org/10.12693/APhysPolA.130.375.

Avcar, M. and Mohammed, W.K.M. (2018), “Free vibration of functionally graded beams resting on Winkler-
Pasternak foundation”, Arab. J. Geosci., 11(232), 232. https://doi.org/10.1007/s12517-018-3579-2.

Azandariani, M.G., Gholami, M. and Nikzad, A. (2022), “Eringen’s nonlocal theory for non-linear bending
analysis of BGF  Timoshenko  nanobeams”,  Adv. Nano  Res., 12(1), 37-47.
https://doi.org/10.12989/anr.2022.12.1.037.

Benferhat, R., Hassaine Daouadji, T. and Rebahi, A. (2020), “Thermo-mechanical behavior of porous FG
plate resting on the Winkler-Pasternak foundation”, Couple. Syst. Mech., 9(6), 499-519.
https://doi.org/10.12989/csm.2020.9.6.499.

Bensattalah, T., Bouakkaz, K., Zidour, M. and Daouadji, T.H. (2018), “Critical buckling loads of carbon
nanotube  embedded in Kerr’s medium”, Adv. Nano Res., 6(4), 339-356.
https://doi.org/10.12989/anr.2018.6.4.339.

Bensattalah, T., Zidour, M. and Daouadji, T.H. (2019), “A new nonlocal beam model for free vibration
analysis of chiral single-walled carbon nanotubes”, Compos. Mater. Eng, 1(1), 21-31.
https://doi.org/10.12989/cme.2019.1.1.021.

Bochkareva, S.A. and Lekomtsev, S.V. (2022), “Natural vibrations and hydroelastic stability of laminated
composite circular  cylindrical shells”, Struct. Eng. Mech., 81(6), 769-780.
https://doi.org/10.12989/sem.2022.81.6.7609.

Bouhadra, A., Menasria, A. and Rachedi, M.A. (2021), “Boundary conditions effect for buckling analysis of
porous functionally graded nanobeam”, Adv. Nano Res., 10(4), 313-325.
https://doi.org/10.12989/anr.2021.10.4.313.

Chinnapandi, L.B.M., Pitchaimani, J. and Eltaher, M.A. (2022), “Vibro-acoustics of functionally graded
porous beams subjected to thermo-mechanical loads”, Steel Compos. Struct., 44(6), 829-843.
https://doi.org/10.12989/scs.2022.44.6.829.

Cho, J.R. (2022a), “Thermal buckling analysis of metal-ceramic functionally graded plates by natural element
method”, Struct. Eng. Mech., 84(6), 723-731. https://doi.org/10.12989/sem.2022.84.6.723.

Cho, J.R. (2022b), “Nonlinear bending analysis of functionally graded CNT-reinforced composite plates”,
Steel Compos. Struct., 42(1), 23-32. https://doi.org/10.12989/scs.2022.42.1.023.

Choi, S.H., Heo, I., Kim, J.H., Jeong, H., Lee, J.Y. and Kim, K.S. (2022), “Flexural behavior of post-tensioned
precast concrete girder at negative moment region”, Comput. Concrete, 30(1), 75-84.
https://doi.org/10.12989/cac.2022.30.1.075.

Civalek, 0 . and Avcar, M. (2022), “Free vibration and buckling analyses of CNT reinforced laminated non-
rectangular plates by discrete singular convolution method”, Eng. Comput., 38, 489-521.
https://doi.org/10.1007/s00366-020-01168-8.

Cuong-Le, T., Ferreira, A.J.M. and Abdel Wahab, M. (2019b), “A refined size-dependent couple stress theory
for laminated composite micro-plates using isogeometric analysis”, Thin Wall. Struct., 145, 106427.
https://doi.org/10.1016/j.tws.2019.106427.

Cuong-Le, T., Nguyen, K.D., Nguyen-Trong, N., Khatir, S., Nguyen-Xuan, H. and Abdel-Wahab, M. (2020a),
“A three-dimensional solution for free vibration and buckling of annular plate, conical, cylinder and
cylindrical shell of FG porous-cellular materials using IGA”, Compos. Struct., 259, 113216.
https://doi.org/10.1016/j.compstruct.2020.113216.

Cuong-Le, T., Nguyen, K.D., Hoang-Le, M., Sang-To, T., Phan-Vu, P. and Abdel Wahab, M. (2022a),
“Nonlocal strain gradient IGA numerical solution for static bending, free vibration and buckling of sigmoid


https://doi.org/10.12989/gae.2019.17.2.175
https://doi.org/10.12989/SCS.2022.42.5.649
https://doi.org/10.12989/SEM.2022.81.6.705
https://doi.org/10.12693/APhysPolA.130.375
https://doi.org/10.12989/ANR.2022.12.1.037
https://doi.org/10.12989/cme.2019.1.1.021
https://doi.org/10.12989/SCS.2022.44.6.829
https://doi.org/10.12989/SEM.2022.84.6.723
https://doi.org/10.12989/SCS.2022.42.1.023
https://doi.org/10.1007/s00366-020-01168-8
https://doi.org/10.1016/j.tws.2019.106427

Stability analysis of integrated SWCNT reposed on Kerr medium... 257

FG sandwich nanoplate”, Physica B: Condens. Matter, 631, 413726.
https://doi.org/10.1016/j.physb.2022.413726.

Cuong-Le, T., Nguyen, K.D., Lee, J., Rabczuk, T. and Nguyen-Xuan, H. (2022b), “A 3D nano scale IGA for
free vibration and buckling analyses of multi-directional FGM nanoshells”, Nanotechnol., 33(6), 065703.
https://doi.org/10.1088/1361-6528/ac32f9.

Cuong-Le, T., Nguyen, T.N., Vu, T.H., Khatir, S. and Abdel Wahab, M. (2020b), “A geometrically nonlinear
size-dependent hypothesis for porous functionally graded micro-plate”, Eng. Comput., 38, 449-460.
https://doi.org/10.1007/s00366-020-01154-0.

Cuong-Le, T., Tran, L.V., Vu-Huu, T. and Abdel-Wahab, M. (2019a), “The size-dependent thermal bending
and buckling analyses of composite laminate microplate based on new modified couple stress theory and
isogeometric analysis”, Comput. Meth. Appl. Mech. Eng., 350, 337-361.
https://doi.org/10.1016/j.cma.2019.02.028.

Demir, C., Mercan, K., Numanoglu, H.M. and Civalek, O. (2018), “Bending response of hanobeams resting
on elastic foundation”, J. Appl. Comput. Mech., 4(2), 105-114.
https://doi.org/10.22055/JACM.2017.22594.1137.

Demir, C. and Civalek, O. (2013), “Torsional and longitudinal frequency and wave response of microtubules
based on the nonlocal continuum and nonlocal discrete models™, Appl. Math. Model., 37(22), 9355-9367.
https://doi.org/10.1016/j.apm.2013.04.050.

Ding, F., Ding, H., He, C., Wang, L. and Lyu, F. (2022), “Method for flexural stiffness of steel-concrete
composite beams based on stiffness combination coefficients”, Comput. Concrete, 29(3), 127-144.
https://doi.org/10.12989/cac.2022.29.3.127.

Du, M., Liu, J., Ye, W,, Yang, F. and Lin, G. (2022), “A new semi-analytical approach for bending, buckling
and free vibration analyses of power law functionally graded beams”, Struct. Eng. Mech., 81(2), 179-194.
https://doi.org/10.12989/sem.2022.81.2.179.

Eringen, A.C. (1972), “Nonlocal polar elastic continua”, Int. J. Eng. Sci, 10(1), 1-16.
https://doi.org/10.1016/0020-7225(72)90070-5.

Fan, L., Kong, D., Song, J., Moradi, Z., Safa, M. and Khadimallah, M.A. (2022), “Optimization dynamic
responses of laminated multiphase shell in thermo-electro-mechanical conditions”, Adv. Nano Res., 13(1),
29-45. https://doi.org/10.12989/anr.2022.13.1.029.

Gia Phi, B., Van Hieu, D., Sedighi, H.M. and Sofiyev, A.H. (2022), “Size-dependent nonlinear vibration of
functionally graded composite micro-beams reinforced by carbon nanotubes with piezoelectric layers in
thermal environments”, Acta Mechanica, 233(6), 2249-2270. https://doi.org/10.1007/s00707-022-03224-4.

Grujicic, M., Cao, G. and Roy, W.N. (2005), “Computational analysis of the lattice contribution to thermal
conductivity of single-walled carbon nanotubes”, J. Mater. Sci., 40(8), 1943-1952.
https://doi.org/10.1007/s10853-005-1215-5.

Hadji, L. and Bernard, F. (2020), “Bending and free vibration analysis of functionally graded beams on elastic
foundations with analytical validation”, Adv. Mater. Res., 9(2), 63-98.
https://doi.org/10.12989/amr.2020.9.1.063.

Hadji, L., Zouatnia, N. and Bernard, F. (2019), “An analytical solution for bending and free vibration
responses of functionally graded beams with porosities: Effect of the micromechanical models”, Struct.
Eng. Mech., 69(2), 231-241. https://doi.org/10.12989/sem.2019.69.2.231.

Hagos, R.W., Choi, G., Sung, H. and Chang, S. (2022), “Substructuring-based dynamic reduction method for
vibration analysis of periodic composite structures”, Compos. Mater. Eng., 4(1), 43-62
https://doi.org/10.12989/cme.2022.4.1.043.

Hosseini, S.A., Khosravi, F. and Ghadiri, M. (2020), “Effect of external moving torque on dynamic stability
of carbon nanotube”, J. Nano Res., 61, 118-135.
https://doi.org/10.4028/www.scientific.net/JNanoR.61.118.

Huang, X., Shan, H., Chu, W. and Chen, Y. (2022), “Computational and mathematical simulation for the size-
dependent dynamic behavior of the high-order FG nanotubes, including the porosity under the thermal
effects”, Adv. Nano Res., 12(1), 101-115. https://doi.org/10.12989/anr.2022.12.1.101.

lijima, S. (1991), “Helical microtubules of graphitic carbon”, Nat., 354(6348), 56-58.


https://www.sciencedirect.com/journal/physica-b-condensed-matter/vol/631/suppl/C
https://doi.org/10.1016/j.physb.2022.413726
https://doi.org/10.1016/j.cma.2019.02.028
https://dx.doi.org/10.22055/jacm.2017.22594.1137
https://doi.org/10.1016/j.apm.2013.04.050
https://doi.org/10.12989/SEM.2022.81.2.179
https://doi.org/10.1016/0020-7225(72)90070-5
https://doi.org/10.1007/s10853-005-1215-5
https://doi.org/10.12989/cme.2022.4.1.043
https://www.scientific.net/author-papers/seyyed-amirhosein-hosseini
https://www.scientific.net/author-papers/farshad-khosravi
https://www.scientific.net/author-papers/majid-ghadiri
https://doi.org/10.4028/www.scientific.net/JNanoR.61.118
https://doi.org/10.12989/ANR.2022.12.1.101

258 Belkacem Selmoune et al.

https://doi.org/10.1038/354056a0.

lijima, S., Brabec, C., Maiti, A. and Bernholc, J. (1996), “Structural flexibility of carbon nanotubes™, J. Chem.
Phys., 104(5), 2089-2092. https://doi.org/10.1063/1.470966.

Jena, S.K., Chakraverty, S., Malikan, M. and Tornabene, F. (2021), “TornabeneStability analysis of single-
walled carbon nanotubes embedded in winkler foundation placed in a thermal environment considering the
surface effect using a new refined beam theory”, Mech. Bas. Des. Struct. Mach., 49(4), 581-595.
https://doi.org/10.1080/15397734.2019.1698437.

Jena, S.K., Chakraverty, S. and Malikan, M. (2020), “Vibration and buckling characteristics of nonlocal beam
placed in a magnetic field embedded in Winkler-Pasternak elastic foundation using a new refined beam
theory: an analytical approach”, Eur. Phys. J. Plus, 135(2), 1-18. https://doi.org/10.1140/epjp/s13360-020-
00176-3.

Kempa, K., Rybczynski, J., Huang, Z., Gregorczyk, K., Vidan, A., Kimball, B., Carlson, J., Benham, G.,
Wang, Y., Herczynski, A. and Ren, Z. (2007), “Carbon nanotubes as optical antennae”, Adv. Mater., 19(3),
421-426. https://doi.org/10.1002/adma.200601187.

Kerr, A.D. (1965), “A study of a new foundation model”, Acta Mechanica, 1(2) 135-147.
https://doi.org/10.1007/BF01174308.

Khatir, S., Tiachacht, S., Cuong-Le, T, Quoc Bui, T. and Abdel Wahab, M. (2019), “Damage assessment in
composite laminates using ANN-PSO-IGA and Cornwell indicator.”, Compos. Struct., 230, 111509.
https://doi.org/10.1016/j.compstruct.2019.111509.

Khatir, S., Tiachacht, S., Cuong-Le, T., Ghandourah, E., Mirjalili, S. and Abdel Wahab, M. (2021), “An
improved Artificial Neural Network using Arithmetic Optimization Algorithm for damage assessment in
FGM composite plates”, Compos. Struct., 273, 114287. https://doi.org/10.1016/j.compstruct.2021.114.

Koochi, A. and, Goharimanesh, M, (2021), “Nonlinear oscillations of CNT nano-resonator based on nonlocal
elasticity: ~ The  energy  balance  method”,  Report. = Mech. Eng., 2(1), 41-50.
https://doi.org/10.31181/rme200102041g.

Kumar, H.S.N. and Kattimani, S. (2022), “Nonlinear analysis of two-directional functionally graded doubly
curved panels with porosities”, Struct. Eng. Mech., 82(4), 477-490.
https://doi.org/10.12989/sem.2022.82.4.477.

Lata, P. and Singh, S. (2022), “Effect of rotation and inclined load in a nonlocal magneto-thermoelastic solid
with two temperature”, Adv. Mater. Res., 11(1), 23-39. https://doi.org/10.12989/amr.2022.11.1.023.

Liu, Y., Wang, X., Liu, L., Wu, B. and Yang, Q. (2022), “On the forced vibration of high-order functionally
graded nanotubes under the rotation via intelligent modelling”, Adv. Nano Res., 13(1), 47-61.
https://doi.org/10.12989/anr.2022.13.1.047.

Ma, R.Z., Wu, J., Wei, B.Q., Liang, J. and Wu, D.H. (1998), “Processing and properties of carbon nanotubes-
nano-SiC ceramic”, J. Mater. Sci., 33(21), 5243-5246. https://doi.org/10.1023/A:1004492106337.

Malikan, M. and Eremeyev, V.A. (2020b), “Post-critical buckling of truncated conical carbon nanotubes
considering surface effects embedding in a nonlinear Winkler substrate using the Rayleigh-Ritz method”,
Mater. Res. Expr., 7, 025005. https://doi.org/10.1088/2053-1591/ab691c.

Malikan, M. (2019b), “On the buckling response of axially pressurized nanotubes based on a novel nonlocal
beam theory”, J. Appl. Comput. Mech., 5(1), 103-112. https://doi.org/10.22055/JACM.2018.25507.1274.
Malikan, M. (2020b), “On the plastic buckling of curved carbon nanotubes”, Theor. Appl. Mech. Lett., 10, 46-

56. https://doi.org/10.1016/j.taml.2020.01.004.

Malikan, M. (2017), “Electro-mechanical shear buckling of piezoelectric nanoplate using modified couple
stress theory based on simplified first order shear deformation theory”, Appl. Math. Model., 48, 196-207.
https://doi.org/10.1016/j.apm.2017.03.065.

Malikan, M. and Dastjerdi, S. (2018b), “Analytical buckling of FG nanobeams on the basis of a new one
variable first-order shear deformation beam theory”, Int. J. Eng. Appl. Sci., 10(1), 21-34.
http://doi.org/10.24107/ijeas.420838.

Malikan, M., Dimitri, R. and Tornabene, F. (2019a), “Transient response of oscillated carbon nanotubes with
an internal and external damping“, Compos. Part B: Eng., 158, 198-205.
https://doi.org/10.1016/j.compositesh.2018.09.092.


https://doi.org/10.1038/354056a0
https://doi.org/10.1063/1.470966
https://www.tandfonline.com/author/Chakraverty%2C+S
https://www.tandfonline.com/author/Tornabene%2C+Francesco
https://doi.org/10.1080/15397734.2019.1698437
https://ui.adsabs.harvard.edu/link_gateway/2020EPJP..135..164J/doi:10.1140/epjp/s13360-020-00176-3
https://ui.adsabs.harvard.edu/link_gateway/2020EPJP..135..164J/doi:10.1140/epjp/s13360-020-00176-3
https://doi.org/10.1002/adma.200601187
https://doi.org/10.1007/BF01174308
https://doi.org/10.31181/rme200102041g
https://doi.org/10.12989/SEM.2022.82.4.477
https://doi.org/10.12989/ANR.2022.13.1.047
https://doi.org/10.1016/j.taml.2020.01.004
https://doi.org/10.1016/j.apm.2017.03.065
https://www.sciencedirect.com/journal/composites-part-b-engineering/vol/158/suppl/C
https://doi.org/10.1016/j.compositesb.2018.09.092

Stability analysis of integrated SWCNT reposed on Kerr medium... 259

Malikan, M., Eremeyev, V.A. and Sedighi, H.M. (2020a), “Buckling analysis of a non-concentric double-
walled carbon nanotube”, Acta Mechanica, 231, 5007-5020. https://doi.org/10.1007/s00707-020-02784-7.

Malikan, M., Van Bac, N. and Tornabene, F. (2018a), “Damped forced vibration analysis of single-walled
carbon nanotubes resting on viscoelastic foundation in thermal environment using nonlocal strain gradient
theory”, Eng. Sci. Technol., 21, 778-786. https://doi.org/10.1016/j.jestch.2018.06.001.

Malikan, M., Van Bac, N., Dimitri, R. and Tornabene, F. (2019c), “Dynamic modeling of non-cylindrical
curved viscoelastic single-walled carbon nanotubes based on the second gradient theory”, Mater. Res. Expr.,
6(1), 075041. https://doi.org/10.1088/2053-1591/ab15ff.

Man, Y. (2022), “On the dynamic stability of a composite beam via modified high-order theory”, Comput.
Concrete, 30(2), 151-164. https://doi.org/10.12989/cac.2022.30.2.151.

Mehar, K. and Panda, S.K. (2019), “Multiscale modeling approach for thermal buckling analysis of
nanocomposite curved structure”, Adv. Nano Res., 7(3), 181-190.
https://doi.org/10.12989/anr.2019.7.3.181.

Meyyappan, M. (2004), Carbon Nanotubes: Science and Applications, CRC Press.

Mikhasev, G., Radi, E. and Misnik, V. (2022), “Pull-in instability analysis of a nanocantilever based on the
two-phase nonlocal theory of elasticity”, J. Appl. Comput. Mech., 8(4), 1456-1466.
https://doi.org/10.22055/jacm.2022.40638.3619.

Mula, S.N., Leite, A.M.S. and Loja, M.A.R. (2022), “Analytical and numerical study of failure in composite
plates”, Compos. Mater. Eng., 4(1), 23-41. https://doi.org/10.12989/cme.2022.4.1.023.

Narendar, S., Gupta, S.S. and Gopalakrishnan, S. (2012), “Wave propagation in single-walled carbon nanotube
under longitudinal magnetic field using nonlocal Euler-Bernoulli beam theory”, Appl. Math. Model., 36(9),
4529-4538. https://doi.org/10.1016/j.apm.2011.11.073.

Pasternak, P.L. (1954), “On a new method of analysis of an elastic foundation by means of two constants”,
Gos. lzd. Lit. po Strait i Arkh.

Polat, A. and Kaya, Y. (2022), “Analysis of discontinuous contact problem in two functionally graded layers
resting on a rigid plane by using finite element method”, Comput. Concrete, 29(4), 247-253.
https://doi.org/10.12989/cac.2022.29.4.247.

Postma, H.W.C., Teepen, T., Yao, Z., Grifoni, M. and Dekker, C. (2001), “Carbon nanotube single-electron
transistors at room temperature”, Sci., 293(5527), 76-79. https://doi.org/10.1126/science.1061797.

Pradhan, S.C. and Reddy, G.K. (2011), “Buckling analysis of single walled carbon nanotube on Winkler
foundation using nonlocal elasticity theory and DTM”, Comput. Mater. Sci., 50(3), 1052-1056.
https://doi.org/10.1016/j.commatsci.2010.11.001.

Rachedi, M.A., Benyoucef, S., Bouhadra, A., Bachir Bouiadjra, R., Sekkal, M. and Benachour, A. (2020),
“Impact of the homogenization models on the thermoelastic response of FG plates on variable elastic
foundation”, Geomech. Eng., 22(1), 65-80. https://doi.org/10.12989/gae.2020.22.1.065.

Rezaiee-Pajand, M., Sobhani, E. and Masoodi, A.R. (2022), “Vibrational behavior of exponentially graded
joined conical-conical shells”, Steel Compos. Struct., 43(5), 603-623.
https://doi.org/10.12989/scs.2022.43.5.603.

Salamat, D. and Sedighi, H.M. (2017), “The effect of small scale on the vibrational behavior of single-walled
carbon nanotubes with a moving nanoparticle”, J. Appl. Comput. Mech., 3(3), 208-217.
https://doi.org/10.22055/JACM.2017.12740.

Sanchez-Portal, D., Artacho, E., Soler, J.M., Rubio, A. and Ordején, P. (1999), “Ab initiostructural, elastic,
and vibrational properties of carbon nanotubes”, Phys. Rev. B, 59(19) 12678-12688.
https://doi.org/10.1103/PhysRevB.59.12678.

Shahsavari, D., Shahsavari, M., Li, L. and Karami, B. (2018), “A novel quasi-3D hyperbolic theory for free
vibration of FG plates with porosities resting on Winkler/Pasternak/Kerr foundation”, Aerosp. Sci. Technol.,
72, 134-149. https://doi.org/10.1016/j.ast.2017.11.004.

Shanab, R.A., Attia, M.A., Mohamed, S.A. and Mohamed, N.A. (2020), “Effect of microstructure and surface
energy on the static and dynamic characteristics of FG Timoshenko nanobeam embedded in an elastic
medium”, J. Nano Res., 61, 97-117. https://doi.org/10.4028/www.scientific.net/JNanoR.61.97.

Shariati, M., Shishesaz, M., Mosalmani, R. and Roknizadeh, S.A. (2022), “Size effect on the axisymmetric


https://doi.org/10.1007/s00707-020-02784-7
https://doi.org/10.1016/j.jestch.2018.06.001
https://doi.org/10.12989/CAC.2022.30.2.151
https://doi.org/10.12989/anr.2019.7.3.181
https://doi.org/10.22055/jacm.2022.40638.3619
https://doi.org/10.1016/j.apm.2011.11.073
https://doi.org/10.12989/CAC.2022.29.4.247
https://doi.org/10.1126/science.1061797
https://doi.org/10.1016/j.commatsci.2010.11.001
https://doi.org/10.12989/SCS.2022.43.5.603
https://jacm.scu.ac.ir/?_action=article&au=34776&_au=Hamid+M.++Sedighi
https://dx.doi.org/10.22055/jacm.2017.12740
https://doi.org/10.1103/PhysRevB.59.12678
https://doi.org/10.1016/j.ast.2017.11.004
https://doi.org/10.4028/www.scientific.net/JNanoR.61.97

260 Belkacem Selmoune et al.

vibrational response of functionally graded circular nano-plate based on the nonlocal stress-driven method”,
J. Appl. Comput. Mech., 8(3), 962-980. https://doi.org/10.22055/jacm.2021.38131.3159.

She, G.L., Ren, Y.R., Xiao, W.S. and Liu, H. (2018), “Study on thermal buckling and post-buckling behaviors
of FGM tubes resting on elastic foundations”, Struct. Eng. Mech., 66(6), 729-736.
https://doi.org/10.12989/sem.2018.66.6.729.

Sudak, L.J. (2003), “Column buckling of multiwalled carbon nanotubes using nonlocal continuum
mechanics”, J. Appl. Phys., 94(11), 7281-7287. https://doi.org/10.1063/1.1625437.

Timesli, A. (2020b), “Buckling analysis of double walled carbon nanotubes embedded in Kerr elastic medium
under axial compression using the nonlocal Donnell shell theory”, Adv. Nano Res., 9(2), 69-82.
https://doi.org/10.12989/anr.2020.9.2.069.

Timesli, A. (2020a), “Prediction of the critical buckling load of SWCNT reinforced concrete cylindrical shell
embedded in an elastic foundation”, Comput. Concrete, 26(1), 53-62.
https://doi.org/10.12989/cac.2020.26.1.053.

Timesli, A. (2022), “Buckling behavior of SWCNTs and MWCNTS resting on elastic foundations using an
optimization technique”, Phys. Mesomech., 25, 129-141. https://doi.org/10.1134/S1029959922020047.
Tran, T.M. and Cuong-Le, T. (2022), “A nonlocal IGA numerical solution for free vibration and buckling
analysis of Porous Sigmoid Functionally Graded (P-SFGM) nanoplate”, Int. J. Struct. Stab. Dyn., 22(16),

2250193. https://doi.org/10.1142/S0219455422501930.

Tsukagoshi, K., Yoneya, N., Uryu, S., Aoyagi, Y., Kanda, A., Ootuka, Y. and Alphenaar, B.W. (2002),
“Carbon nanotube devices for nanoelectronics”, Physica B: Condens. Matter, 323(1-4), 107-114.
https://doi.org/10.1016/S0921-4526(02)00993-6.

Van Cauwelaert, F., Stet, M. and Jasienski, A. (2002), “The general solution for a slab subjected to centre and
edge loads and resting on a kerr foundation”, Int. J. Pavem. Eng., 3(1), 1-18.
https://doi.org/10.1080/10298430290029894.

Wang, C.M., Zhang, Y.Y., Ramesh, S.S. and Kitipornchai, S. (2006), “Buckling analysis of micro- and nano-
rods/tubes based on nonlocal Timoshenko beam theory”, J. Phys. D: Appl. Phys., 39(17), 3904-3909.
https://doi.org/10.1088/0022-3727/39/17/029.

Wang, H., Dong, K., Men, F., Yan, Y.J. and Wang, X. (2010), “Influences of longitudinal magnetic field on
wave propagation in carbon nanotubes embedded in elastic matrix”, Appl. Math. Model., 34(4), 878-889.
https://doi.org/10.1016/j.apm.2009.07.005.

Wei, L. and Wang, Y.N. (2004), “Electromagnetic wave propagation in single-wall carbon nanotubes”, Phys.
Lett., Sect. A: Gener. Atomic Solid State Phys., 333(3-4), 303-3009.
https://doi.org/10.1016/j.physleta.2004.10.048.

Winkler E. (1867), “Die lehhre von der eiastizitat und Festigkeit (on elasticity and fixity)”, Dominicus, Prague,
182.

Wu, X. and Fang, T. (2022), “Intelligent computer modeling of large amplitude behavior of FG
inhomogeneous nanotubes”, Adv. Nano Res., 12(6), 617-627. https://doi.org/10.12989/anr.2022.12.6.617.

Yaylaci, M., Abanoz, M., Yaylaci, E.U., 0 Imez, H., Sekban, D.M. and Birinci, A. (2022), “The contact
problem of the functionally graded layer resting on rigid foundation pressed via rigid punch”, Steel Compos.
Struct., 43(5), 661-672. https://doi.org/10.12989/scs.2022.43.5.661.

Yusufoglu, E. and Avey, M, (2021), “Nonlinear dynamic behavior of hyperbolic paraboloidal shells reinforced
by carbon nanotubes with various distributions”, J. Appl. Comput. Mech., 7(2), 913-921.
https://doi.org/10.22055/jacm.2021.36043.2783.

Zenzen, R., Khatir, S., Belaidi, I., Cuong-Le, T. and Abdel Wahab, M. (2020), “A modified transmissibility
indicator and Artificial Neural Network for damage identification and quantification in laminated composite
structures”, Compos. Struct., 248, 112497. https://doi.org/10.1016/j.compstruct.2020.112497.

Zhang, L., Wu, G.T. and Wu, J. (2019), “A Kerr-type elastic foundation model for the buckling analysis of a
beam bonded on an elastic layer”, ZAMM Zeitschrift fur Angewandte Mathematik und Mechanik, 99(10),
1-19. https://doi.org/10.1002/zamm.201900162.

Zhu, F.Y., Lim, H.J., Choi, H. and Yun, G.J. (2022), “A hierarchical micromechanics model for nonlinear
behavior with damage of SMC composites with wavy fiber”, Compos. Mater. Eng., 4(1), 1-21.


https://doi.org/10.22055/jacm.2021.38131.3159
https://doi.org/10.1063/1.1625437
https://doi.org/10.12989/anr.2020.9.2.069
https://doi.org/10.12989/cac.2020.26.1.053
https://www.worldscientific.com/doi/epdf/10.1142/S0219455422501930
https://doi.org/10.1142/S0219455422501930
https://doi.org/10.1016/S0921-4526(02)00993-6
https://doi.org/10.1080/10298430290029894
http://dx.doi.org/10.1088/0022-3727/39/17/029
http://dx.doi.org/10.1016/j.physleta.2004.10.048
https://doi.org/10.12989/SCS.2022.43.5.661
https://jacm.scu.ac.ir/?_action=article&au=82061&_au=Mahmure++AVEY
https://doi.org/10.22055/jacm.2021.36043.2783
https://doi.org/10.1002/zamm.201900162

Stability analysis of integrated SWCNT reposed on Kerr medium... 261

https://doi.org/10.12989/cme.2022.4.1.001.

CcC





