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In this paper, we study forced harmonic waves in a magneto-electro-viscoelastic (MEV)
nanobeam embedded in a viscoelastic foundation using nonlocal strain gradient elasticity the-
ory. The viscoelastic foundation is modeled as a Winkler-Pasternak layer. The governing equa-
tions of the nonlocal strain gradient viscoelastic nanobeam are derived using Hamilton’s princi-
ple and solved analytically. A parametric study is presented to examine the effects of physical
variables on the field. It is found that the effect of strain gradient and nonlocal parameter
on dimensionless amplitude and phase angle is quite important. The findings from this study
highlight the significance of identifying magneto-piezoelectricity in predicting the vibration
characteristics of intelligent nanostructures and elucidating the impact of humid thermal ef-
fects on nanomaterials.
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1. INTRODUCTION

Magneto-electro-elastic (MEE) materials were first used in the 1970s. In
1974, VAN DEN BOOMGARD et al. [1] discovered MEE composites consisting of
piezoelectric and piezomagnetic phases. MEE nanomaterials, including BiFeOs,
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BiTiO3-CoFesO4, NiFeoO4-PZT, and their nanostructures have played a sig-
nificant role in research (ZHENG et al. [2], MARTIN et al. [3], WANG et al.
[4], PRASHANTHI et al. [5]). For this reason, to harness the enormous poten-
tial of nanostructures and their applications, their mechanical behavior must
be investigated and well identified before introducing new designs. Given these
considerations, classical mechanic continuum theories are no longer suitable to
predict the response of structures at very small scales, as they fail to provide
accurate predictions. To address this problem, nonlocal theories (ERINGEN [6—
11]) were presented which add a size parameter in the continuum modeling.
Furthermore, various researchers (L1 et al. [12], LAM et al. [13]) demonstrated
that an increase in stiffness is not considered in nonlinear elasticity. Therefore,
the nonlocal strain gradient theory was presented, where the stress field applies
to not only the nonlocal stress field but also the strain gradients stress field. In
this paper, the models that are developed according to Eringen’s widely used
nonlocal elasticity theory are studied.

Hence, PEDDIESON et al. [14] developed a nonlocal Euler-Bernoulli beam
model by presenting a version of the nonlocal elasticity theory. The authors
solved some representative problems, especially for cantilever beams to illus-
trate the magnitude of predicted nonlocal effects. ZENKOUR and SOBHY [15]
studied the thermal buckling of single-layered graphene sheets on an elastic
medium by using the sinusoidal shear deformation plate theory. Also, several
researchers (WANG [16], WANG et al. [17], CIVALEK and DEMIR [18]) inves-
tigated the wave propagation and bending in carbon nanotubes (CNTs) and
microtubules for nonlocal Euler-Bernoulli and Timoshenko beam models. In re-
cent years, MURMU and PRADHAN [19] analyzed the small-size effects on single-
walled carbon nanotubes (SWCNTSs). They described the stability response of
SWCNTs based on the nonlocal Timoshenko beam theory while considering an
elastic medium. Additionally, the nonlocal parameter, the aspect ratio of the
SWCNT, and Winkler and Pasternak parameters were studied.

YANG et al. [20] studied the nonlinear free vibration of SWCNTs based on
Eringen’s nonlocal elasticity theory and von Kérméan geometric nonlinearity.
They solved the obtained equations by using the differential quadrature (DQ)
method. The free vibration, buckling and bending of Timoshenko nanobeams
based on a meshless method were investigated by ROQUE et al. [21]. SIMSEK and
YURTCU [22] analyzed static bending and buckling of a functionally graded (FG)
nanobeam under transvers distributed loads based on the nonlocal Timoshenko
and Euler-Bernoulli beam theory. They derived the governing equations by ap-
plying the principal of the minimum total potential energy and solved analyti-
cally the resulting equations. A bending analysis of a thermo-magneto-electro-
elastic nanobeam integrated with functionally graded piezomagnetic layers was
conducted by AREFI and ZENKOUR [23]. SELVAMANI et al. [24] employed a non-



FORCED NONLINEAR VIBRATIONS. .. 619

local state-space strain gradient approach to study the vibration of piezoelectric
functionally graded nanobeam. SELVAMANI et al. [25] discussed the static sta-
bility analysis of mass sensors consisting of hygro-thermally activated graphene
sheets using a nonlocal strain gradient theory. The influence of rotation on
a transversely isotropic piezoelectric rod coated with a thin film was reported
by SELVAMANI and MAKINDE [26].

EBRAHIMI et al. [27] studied the thermal buckling analysis of magneto-
electro-elastic (MEE) porous FG beam in a thermal environment. EBRAHIMI
et al. [28] analyzed the bending behavior of magneto-electro-piezoelectric nano-
beam system under hygro-thermal loading. KE et al. [29] investigated the free
vibration of MEE nanoplates based on Eringen’s nonlocal theory and Kirch-
hoff plate theory. In their analysis, the governing equations and boundary con-
ditions for a MEE nanoplate subjected to biaxial force, external electric po-
tential, external magnetic potential and temperature rise were derived using
the Hamilton’s principle and then solved analytically to obtain the natural fre-
quencies of MEE nanoplates. They also studied the free vibration of the MEE
nanobeam based on the Timoshenko beam theory and solved numerically the
resulting equations. KE and WANG [30], however, did not investigate magneto-
electro-viscoelastic nanobeams via nonlocal strain gradient theory in their re-
search. A new tangential-exponential higher-order shear deformation theory for
advanced composite plates was studied by MANTARI et al. [31].

EBRAHIMI and SALARI [32] analyzed the effect of various thermal loadings on
the buckling and vibrational characteristics of nonlocal temperature-dependent
FG nanobeams. EBRAHIMI et al. [33] investigated the dynamic characteristics
of hygro-magneto-thermo-electrical nanobeam with non-ideal boundary condi-
tions. EBRAHIMI et al. [34] reported the thermo-electro-elastic nonlinear stabil-
ity analysis of viscoelastic double-piezo nanoplates under a magnetic field. SHEN
et al. [35] investigated the modulation of topological structure including ultra-
high energy density of graphene nanofiber. SAHMANI and AGHDAM [36] studied
the nonlocal strain gradient beam model for nonlinear vibration in nanobeams.

To the best of the authors’ knowledge, there has been no record regarding
the nonlinear forced harmonic vibration of humid MEV nanobeam using the
nonlocal strain gradient theory. Therefore, there is a strong scientific need to
understand the nonlinear forced harmonic vibration of an MEV nanobeam in
a humid thermal environment using the nonlocal strain gradient theory.

This paper investigates the forced harmonic vibration of a MEV nanobeam
using the nonlocal strain gradient theory. Governing equations of a nanobeam rest-
ing on a viscoelastic substrate are derived based on Hamilton’s principle. The
multiple scale perturbation method is implemented to solve the governing equa-
tions. Effects of different factors, including shape parameter and nonlocal pa-
rameter, on damping vibration characteristics of a nanobeam are studied.
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2. THEORY AND FORMULATION MULTISCALE COMPOSITE

In Fig. 1, a piezoelectric nanobeam with length L, width b, and thickness h

is illustrated.
¢ wJ-_ | [h
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Fia. 1. Geometry of an MEV nanobeam resting on a viscoelastic foundation.

2.1. Multiscale model

The properties of the PCF shell, which is treated as orthotropic, can be
presented as:

(21) = VfElFl + Vinen,

V2Emcn 2
b2 Ll Ve o P — 2V Vinen
' E22 B Eﬁ Emcn ] mne Vngg + Vmanmcn ’
1 V Vi
03 A=V Voe
G12 Gll Gmcn
(2.4) p= Vfﬂf + VinenPmen
(2.5) 1912 = Vfo + Vmcnvmcm

where Eﬁ and Ef; are Young’s modulus of the CNT and Gio is the shear
modulus p is the mass density, and 119 represents Poisson’s ratio of the fibers.
The corresponding properties of the isotropic matrices in the CN'T composite are
Emens Gmens Pmen a0d Vinen and the volume fractions of the fiber are represented
by Vf.

Using the Halpin-Tsai model, composite tensile modulus is expressed as:

lcn
(2.6) By = M |5 (mﬂdfi‘/cn) Y s 2(32)B, Ven
8 1- /de‘/cn 1-— ﬁll‘/::n ’
where
By deen
E 4ten
(27) ﬁll = EﬂzM—lcn’

2hcn/gpl
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E%{L _ Cﬁlcn
i Ear Ahcn

(28) Pt = By
En 2hcn

where Ef} refers to Young’s modulus, A", d¢p, and [, represent thickness, outer
diameter, and length, respectively, V., is the volume fraction of CNT, V,,,c, and
FEpuen are the volume fraction of the matrix and Young’s modulus, respectively.

For the different distribution multiscale composite shells, we study how the
weight fraction of CN'T changes layer-wise in accordance with specific distribu-
tion patterns such as U, X, A, and O. The CNT volume fraction for the n-th
layer corresponding to each distribution pattern can be expressed as:

U: Vo, = Ven,
2n —ng — 1
X:W;:2vm<lnmg,
ng
(2.9) on — e — 1
0: chzzvm(l—m i |>,
T
2 — 1
A- VCZZVcn<M’>,
nt

where the total number of layers is expressed by n; and the total volume fraction
of CNT can be determined by:

Wen
wen () = (52 wen
where p., are the mass densities of the CNT, p,, is the mass density of the
epoxy resin matrix, and we,is the mass fraction of the CNT.

The relationships between mass density, modulus, and Poisson’s ratio for
the CNT can be expressed as follows:

(2.10) Vi =

(211) Pmnc = V;npcn + UmPm
Emnc

2.12 G = —

( ) mnc 2(1 +'Umcn)’

(2.13) Vmcn = Vm,

where v, and v, are Poisson’s ratio of the matrix and CNT and «;; refers
to the thermal expansion coefficients in the longitudinal direction and awgs in
the transverse direction.
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The thermal expansion coefficients of the longitudinal and transverse direc-
tions of the fiber 04{1 and a§2, and the thermal expansion of the CNT aynen
can be expressed as [12]:

VfEflafl + VienEmenmen
VfE{1 + vmanmcn

(2.14) a11 =

Y

(2.15) az = (1+Vy) Vfoz£2 + (14 Vine) Vo Qmen — V120011,

(2 16) o _ 1 VenEenQen + vmEp o,
. men 2 VenEen + VmEm

) (1 - vmcn)
=+ (1 + 'Um)amvm + (1 + Ucn)acn‘/cna

where aunen, Bmen are the thermal expansion and moisture coefficients of the
epoxy resin CNT matrix and a., is the thermal expansion coefficient of the CNT.

_ VfE{1 + Vmanmcnﬁm
VfEfl + Vmanmcn

(2.17) B

)

(2.18) ﬁ22 = (1 + Vmcn) Vmcn/@m - U12/811'

If we define aupen, Bmen and its parameters are hypothetical.

2.2. Kinematic relations

The displacement field of the refined shear deformable nanobeam can be ex-
pressed as:

(2.19) u(z, 2,t) = ulz, t) — 23;;’3" - f(z)ag;i
(2.20) w(x,z,t) = wy(z,t) + ws(x, t),

where u is the axial mid-plane displacement, and wy, ws denote the bending
and shear components of transverse displacement, respectively. Also, f(z) is
the shape function representing the shear stress/strain distribution through the
beam thickness. For the present study has a trigonometric nature, and thus,
a shear correction factor is not required (MANTARI et al. [31]):

(2.21) f(2) = z — tan (mz), m = 0.03.
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The non-zero strains of the suggested beam model can be expressed as fol-
lows:

ou 9%y, 0w,
Ows
(2.23) s = 9(2) 2,

where g(z) = 1 — df(z)/dz. According to Maxwell’s equation, the electric
potential @ and magnetic potential ¥ distributions across the thickness of the
nanobeam are approximated as follows [30]:

(2.24) D(z, z,t) = —cos (Bz)p(z,t) + %V,
(2.25) U(x,z,t) = —cos (Bz)Y(x,t) + %ZQ,

in which 8 = 7/h. Also, V and {2 are the external electric voltage and magnetic
potential applied to the nanobeam, respectively. The relationship between elec-
tric field (E,, E,) and electric potential (¢) and also magnetic field (H,, H,)
and magnetic potential (1)), can be obtained as:

(2.26) E,= &, = cos (ﬁz)%,
(2.27) B, = 0. = —fsin (32)6(z,1) — -
(2.28) Hy = —W, = cos (52)?;?
(2.29) H, =0, = —Bsin (B2)v(z,t) — %

Through an extended Hamilton’s principle, the governing equations can be
derived as follows:

t
(2.30) /5(H5—HK+Hw)dt:O,
0

where Ilg is the total strain energy, Il is the kinetic energy, and Ilyy is the
work done by external applied forces. The strain energy IIg can be calculated
as:

1
(231) IIg = 5 /(Uacacgmac +02:Ye: — DoBy — D E, — B, H, — Bsz) dVv.
\%
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By calculating the first variation of strain energy IIg and substituting
Egs. (2.22)-(2.23) into Eq. (2.31) yields:

L
2 2
(2.32) oITg = / <N85u _Mba Sy, Y D?ws +Qa5ws>dx

oz 0z2 0x2 oz
0

L
+/( 785¢+D6¢ B, 6gf+35¢>
0

The variables expressed in the above equation are defined as follows:

h/2
(233) (N, MbaMs) = / am(l,z,f(z))dz,
—h/2
h/2
(2.34) Q= 0229(2)dz,
/
h/2
(2.35) (Dy, By) = / (Dy, B;)cos (Bz)dz
—h/2
h/2

(2.36) (D.,B.) = / (D, B.)¢sin (B2) dz

—h/2

where oy, €i5, D;, B;, E;, H;, N, M;, and Q are the stress, strain, electric
displacement, magnetic induction electric field, magnetic field, the axial force,
bending moment and shear force resultants, respectively. The kinetic energy can
be expressed as follows:

(2.37) =3 V/ g [@?)2 " @:)2

Also, the first variation of kinetic energy of present theory can be written in
the form:

dVv.
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L
B Ouddu  O(wp + ws) I§(wp + wy)
(2.38) 6HK—/[IO<8t 5 + T 5
0

_ @82wb 0%wy, Odu g @825w5+82w3 oou
"\ ot otox " otor ot 2\ ot otox ' otox ot

oI 0%wy, 026w, 0wy 0*0wy, 0%wy, 0%5wy n 0%wg 0%6w, da
*\otor otox  otdox Otdx Yotor otox | Cotox otdx |
in which the mass inertia are defined as:
h/2
(2.39) (o, In, Io, I3, In, I5) = / p (1,2, f(2),2f(2), 2, f*(2)) dz.
—h/2
The work done by applied forces and its first variation are expressed by:

(VE 4 NH) <<‘9<wb+w>>]d

L -

(2.40) Iy :/ F(wb + ws)
o L

1
2 ox

L
(2.41) 611, :/ F6 (wy + w,) — (NE + NH) 0 (wp + ws) 09 (wb+ws)}dx’
s L

Ox ox

in which F denotes the external transverse load from the viscoelastic medium
which is obtained as:

0? (wb + ws) 0 (wb + ws)
+ ¢4 )
Ox? ot

where k,, kp, and ¢4 are the linear, shear and damping coefficients of the
medium. Also, N¥ and N denote electric and magnetic loading, respectively.

The following Euler-Lagrange equations are obtained by inserting Egs. (2.32),
(2.38), and (2.41) into Eq. (2.40) and integrating by parts, with the coefficients
of du, dwy, dws, d¢, 0y equal to zero, resulting in the following set of equations:

(97N B 9%u DBy, DBws

(2.42) F = ky (wp +ws) — kp

2.4 — 27 iy
(2.43) or Yotz lozarz T oxor’
9% M, 0? (wp + ws) 0u O wy
2.44 — I iy
(2.44) 22 0T a2 Thauar  asran
84wb E B 0? (wb + ws)
_ 2 (NE By W T Ys) | g
152ge T W ANT) —g e+ F,
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(2.45) a;i\fs * % = 1o - (wgtj o 2 8(323595 — 5 aﬁigxb?
—1588;2];2+ (N¥ 4+ NP) WJFF,

(2.46) a;i” +D, =0,

(2.47) 881? + B, =0.

2.8. The nonlocal strain gradient theory for MEV materials

In Eringen’s nonlocal theory of elasticity, the stress state at a reference
point x in an elastic continuum is not only dependent on the strain state at x
but also on the strain state at all other points x’ in the body. In addition,
based on the nonlocal strain gradient theory developed by LAM et al. [13], the
stress accounts for both the nonlocal elastic stress field and the strain gradient
stress field. Therefore, the stress can be expressed as follows:

0 1
(2.48) oij = Ui(j) — VUZ(j)>
where the stress ai(?) corresponds to strain €;; and the higher-order stress ai(; )
corresponds to the strain gradient Ve;;. They are defined as:

L
(2.49) Ug.)) = /ao (x,x',e0a/l) of; (x) dx/,
0
L
(2.50) US) = l2/a1 (x,x',e1a/l) Vog; (x') dx/,
0

where L is the length of the nanobeam, o7; is the classical stress components at
any point x” in the body, «; (x,x/, e;a/1) is the kernel of the integral equation, in
which a and [ correspond to the nonlocalness and denote the internal characteris-
tic length (lattice parameter, size of grain, or granular distance) and the external
characteristic length of the system (wavelength, crack length, size, or dimensions
of the sample), respectively, and e; is a constant appropriate to the material and
has to be determined independently for each material. When the nonlocal func-
tions «; (x,x/, e;a /1) satisfy the conditions developed by ERINGEN [11], the linear
nonlocal differential operator can be assumed as follows:

(2.51) Li=1-(ea)®?V? for i=0,1.
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By applying Eq. (2.33) into Eq. (2.30), a general constitutive relation in a dif-
ferential form for a nanobeam can be stated as:

(2.52) |1 — (e1a)? Vz} [1 — (e0a)? Vz} oij = [1 — (e1a)? Vﬂ o5
- {1 — (epa)? VQ} 1’V o

where V2 = 92/0x? denotes the Laplacian operator. By retaining terms of order
0(V?) and assuming eg = e; = e, the general constitutive relation in a simplified
form can be written as follows:

(2.53) 1= (ea)* V2] iy = (1 - 2¥2) o

Similarly, the following equations are obtained for a MEV nanobeam:
(2.54) [1 ~ (ea)? vﬂ D; = (1-12V?) DY,

(2.55) [1 ~ (ea)? vﬂ B; = (1—12V?) B..

In the above equations, of;, D} and Bj are given by KE et al. [29] as follows:

2]7

(2.56) 05 = Cijricrt — €mij Em — anijHn,
(2.58) Bj = gjmien + djmEm + AjnHn,

where ¢y is the strain and Cjjri, €mij, Xjms @nij, djn, and Aj, denote the elas-
tic, piezoelectric, dielectric, piezomagnetic, magnetoelectric and magnetic con-
stants, respectively. Finally, the stress-strain relations of a MEV solid can be
expressed as:

(2.59) (1= pV?] 00e = (1= AV?) [Criepe — €31 B2 — gs1 H.],
(2.60) (1= p4V?] 0z = (1 = AV?) [C55702 — €15E2 — qi5 Ha),
(2.61) [1—pV?] Dy = (1= AV?) [e157az + x11Ex + di1 Hy),
(2.62) [1—uV?] D, = (1= AV?) [es1620 + x33E- + dss H.],
(2.63) [1—pV?] By = (1= AV?) @157z + du By + A H),
(2.64) (1= puV?] B, = (1 - AV?) [g31€a0 + ds3 B + As3H.],
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Applying the Kelvin-Voigt viscoelastic damping model with the damping
coefficient (gp) and integrating Eq. (2.59)—(2.64) over the cross-section area of
the nanobeam provides the following nonlocal relations for a refined beam model:

8 8u 2 82wb f 82w5
(Hgoat)(ha ~I g gy )

+ K519 +K§}¢—NE—NH] ;

B ou . 0%w 0%,
<1+Qoat><=]118 —Jir 72 —Jii 81:2>

+X§1¢+X§?¢—M£—MJ’],

(2.65)  N-— M(?;JX (1-5V?)

(2.66)  My—p—s =(1-8V?)

on) M- e - (1w <1+90 2 )(Jﬂg“ Jil i;b—Jﬁé’;;S)
H@,‘ich%TwaMf],

(2.68) Q—M?;ag =(1-5V?) <1—|—go(;?t><f(558(9 ) X15g¢—yl5?;£ ;

(269)  Dy—p 2d =(1- BV2)(X158a +X118¢+Yngw>

(2.70)  D.—p Zj; =(1-8V?) (K§1gu X§1a;;‘;b Ygﬁa;;u;

- X33¢—Y33¢—F§3>,

2
b 5 dws dp oY
= =(1-8V )( 5 p +Y118 -|-K118 )

(2.71)  Bz—p

2b

ou 0wy, 02w

(272) Bzi (]' ﬁv2) (K?)la X31 2 }/31 2

—3%3¢—K33¢—F§§)-
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In the above equations, the cross-sectional rigidities are expressed as follows:
h/2
(273) <J117Jf17J{17 ffan{laJP]i) - / Cll (1727f72272f7f2) dZ,
—h/2
h/2
(2.74) (50, X5, Y5) = [ earysin(72) (1,2 ) d
—h/2
h/2
(2.75) (51 XY = [ ansin () (12, 1) d
—h/2
h/2
(2.76) K55 = / 05592(2) dZ,
—h/2
h/2
(2.77) (X15,Y15) = / (e15,q15) g cos (vz) dz,
—h/2
h/2
(2.78) (X11, Y11, Kn) = / (X117, d11, A1) cos” (y2) dz,
—h/2
h/2
.2
(2.79) (X33,Y33, K33) = / (X33, d33, A33) B2 sin” (v2) dz,
—h/2
h/2

2V 282
(2.80) 5 ) = [ (vt
—h/2

2V 20
d33h+)\33h> vsin (yz)dz.

Also, the summation of normal forces and moments due to magneto-electrical
field can be defined as:

h/2
2V 202
(2.81) (NN ME+MI ME+MT)= - / <631h+q31h>(1,z,f) dz.
—h/2
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The governing equations of a refined nanobeam under electrical and magnetic
fields based on the nonlocal strain gradient theory in terms of the displacement
can be obtained by substituting Eqgs. (2.55)—(2.54) into Egs. (2.33)-(2.37) as
follows:

9%u Ow OPw
_ vg b _ S _ _ v2
(2.82) (1 i )< 092 118t2833 120t2a > (1 B )

0 0%u Pw Bw, . 09 m O
Kl —I-goat) <J11 —Jq o 3b J{l 955 > —|—K31% +K31% =0,

02
82 (wb +w ) 8311, 8411)
(2.83) (1 uV ) <I0 52 + 1 020z I38t28x2
*wy, B iy O (wy+ ws)
~ligrages T (N7 HNT) e
(92 Wp + Wg ’U) +w5
thu (wp + ws) — kyp ( ;xQ : T b >

0 . Pu tw twg
— (1-p5V?) KHQO(%) (Jlla 5 it o e )

L oot
0%¢ 32¢
+X313 5 +X318 2]

O (wy +wy) . u ]
— 2 a -
(2.84) (1—puV?) <Io oz Tgzar  Baza.
84w5 E 7y 0% (wp + wy)
8t23 2 (N +N ) Ox?
02 (wy, + Ws 9 (wp + ws
Fhw (wy + ws) — Ky (abxz L™ bat )>
9 Pu 0w Otw O%w
2 f zf b ij : ¥
_(1_)\v)|:<1+g08t><J1185 J1184_J113:c K53$2)
‘ - 0%
+ (Y51 — Xus) 55 + (Y51 — Vis) al,z:| 0,

ou 02wy, o\ 02w
(2.85) (1—AV?) <K31(9 X5+ (X15 — Y5) o2

0%

prs — X33¢ — Y331 — ng)ZO,

+ X111
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ou 9w 0w
2 m b S
(2.86) (1—AV?) <K31833 - X:?fw + (Y15 — Y37) a2

¢
0z2

0?1

+ Y11 922

+ K11 —1%3¢—K33¢—F§§> =0

(see Appendix).

3. SOLUTION PROCEDURE

The following boundary conditions for an exact solution of the governing
equations of a magneto-electro-viscoelastic nanobeam are expressed as:

e simply-supported (S):

(3.1) wb:wszM:%:O at x=0,L.
e clamped (C):
(3.2) u—wb—ws—a(%—ws)—o at x=0,L.
x

According to the above boundary conditions, the displacement quantities are
presented in Eq. (3.3)—(3.7) as:

oo

_ 8Xn($) wnt
(3.3) u(z,t) = Z Uniﬁx e'nt,

n=1
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The admissible function X, is considered as a mode shape according to
boundary conditions as follows [33]:

(3.8) S-S: X, =sin (%x),
(3.9) C-C: X, = sin? (%x)

Finally, Eqgs. (2.4)-(2.7) can be written as:

BEn) 0?0 ~0%0 ~0h EAOD 0w\ 2
Nl EI P —_—— —
(8:10) Blmg +m s + Pom O 55 — 51 o3 /< >

3.1. Primary resonance

In the primary resonance case, it is assumed that the excitation frequency
and the linear frequency of the system wy are close to each other and therefore
{2 = wp. So a detuning parameter o is employed to illustrate how close {2 is
to wp:

(3.11) w? =0+ eo,

where o is the detuning parameter.
The uniformly approximate solutions of Eq. (3.10) are obtained as:

(312)  w=wo (Tp, T, Ts,...) + cwy (To, T1, Ts, ...) + €2wo (To, 11, T, ...)

where Ty =t and T = et.
The terms of Ty and T3 are expressed as:

(3.13) F(t) = eqcos (woTp + oT1),

the derivatives to t yield:

d
(314) a = DO +5D17
(3.15) 4 p2ieepyD, + 2(D? +2DyDy)

. at o ol/1 T~ € 1 o/1)-
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Substituting Egs. (3.14) and (3.15) and equating the coefficients of ¢ to zero
yield the following differential equations:

(3.16) €% DEwo+2%wy =0,

(3.17) &' DEwi+02*wy = —2DgDywo— puDowo — P3wi —k cos (woTo+oT}).
With this approach, it is convenient to write the solution of Eq. (3.12) as:
(3.18) wo (To, Ty, To, ...) = exp (iTp) + Aexp (—iTp),

where A is an unknown complex function and A is the complex conjugate of A.

By requiring w; to be periodic in Ty and extracting the secular terms that are
coefficients of e*™070 the governing equation is determined as:

1
(3.19) 2iwo (A + pA) + 3P3A* A — kexp (—ioTy) = 0.

Assuming that A is in polar form:

1
(3.20) A= 5@ exp (iy),

where a and v are real parameters. Separating these term parts of the derived
equation results in:

13
(3.21) a = —pa+ 50%0 sin (¢T7 — ),

3 Ps 17q
3.22 G S T —~) .
(3:22) w' = 5oat = 5 Leos(oTi - )
Now, by introducing
(3.23) 0 =0Ty —,

and substituting Eq. (3.23) into Egs. (3.21) and (3.22) yield:

17
(3.24) a =—pa+ iwio sin 6,
3 Ps 14q
2 =243 - —~ cosé.
(3.25) ary 8w0a 5 cos
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The singular point of this system at ¢’ = 0 and #' = 0 represents the steady-
state motion of the system. So, in the steady-state condition, the system can be
expressed as:

17

(3.26) a=—pa+ iwio sin 6,
P 17q

(3.27) oa — 2(;(13 = _iwio cosf.

The fixed points of Egs. (3.26) and (3.27) correspond to solutions with constant
amplitude and phase. These solutions satisfy

17
(3.28) pa = iwio sin 6,
3.29 ———a = —=— 0.
(3.29) o 8w0a 5 g cos

The equation for the frequency response is presented as:

3P ,\*
(3.30) [(a 8w0a> +

Substituting Eq. (3.26) into Eq. (3.30) and then substituting that result into
Egs. (3.28) and (3.29), one can obtain:

2 T

a® = .
2
4wj

(3.31) w = acos(wot + ot — 0) + O(e).

With this, the amplitude response (the magnification factor) can be obtained as:

1

(3.32) M=2= :

[ 5P o\2 . o
2w <a — gw—ga ) + u

Similar to the case of the linear oscillator, the maximum value of the magnifi-
cation factor can be obtained from

dM d?M
(3.33) 5 =0 157 =0
Equation (3.33) with respect to (2 yields:
1 da
(3.34)  g5a (3P3a® — 812 — 8) (3P3dQ — 4>
d
+ (124 (2-1-3Psa?)?) = =0
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which can be solved for d Q as:

da 8a (3Psa® — 812 — 8)
A2 27Pfa* — 96(2 — 1)P3a® + 64(p2 + (2 — 1)2)°

(3.35)

This derivative vanishes (and so does ‘é% ) when:

8(2—1)

3.36 3P3a> — 802 —8) =0 =
( ) ( 3¢ ) — 3P3

To find the values of the critical points {27 and (25, which correspond to

vertical tangencies of the response curve, where ‘é% =0:

(3.37) 27Pja" — 96(2 — 1) Pya”® + 64 (1 + (2 — 1)?).

This above condition is found by equating the denominator of Eq. (3.36) to zero,
and the roots of this equation give {2 and {25 can be expressed as:

1
(3.38) =g <8 +6P3a® — \/9P2at — 64M2>.

4. NUMERICAL RESULTS AND DISCUSSION

In this section, the vibration behavior of a nanobeam made of piezoelectric
material in a magnetic field is studied (Table 1 and Table 2).

Table 1. Material constants for MEV BaTiO3s-CoFesO4 composite.

Properties BaTiO3-CoFex 04
C11 [GPa] 154.81
Css 44.2
es1 [C-m™?] —7.54
eis 5.8
gs1 [N/(A-m)] 89.23
q15 275
x11 [1079 C%.m™2 . N7!] 5.64
X33 5.95
A1 [107* N-s?.C72 —297
A33 650.3
din [10712 (N-s)/(V-C)) 5.36
ds3 2752.56
p [kg-m™3) 5550
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The validity of the present study is proved by comparing the frequencies of
this model with those of EBRAHIMI and SALARI [32] for various nonlocal parame-
ters as presented in Table 3. Also, the dimensionless frequency and dimensionless
viscoelastic parameters with C1; = E and I = h3 /12 are adopted as:

(4.1)

C:

L2

“ JoAET

5= wi2y/PA e L _n
w=wlL TR Kw—k:wEI, Kp—k:pEI,

g0 |EI
= pA’

Table 3. Comparison of the non-dimensional frequency of undamped S—S nanobeam.

L/h AT | 4 [an} Non-dimensional frequency
EBRAHIMI and SALARI [32] | Present
20 0 0 9.6468 9.65189
1 9.1859 9.19080
2 8.7825 8.78720
3 8.4254 8.42995

Figure 2 demonstrates the second resonance of the clamped FG beam, oc-
curring near the first mode, while considering both strain gradient and nonlocal
parameters. Notably, the right branches in the depicted figures exhibit points of
vertical tangency, leading to a jump phenomenon frequently observed in non-
linear vibratory systems. Figure 3 displays the phase angle characteristics of
the clamped FG beam near the first mode, incorporating strain gradient and
nonlocal parameters. Notably, the right branches in the depicted figures reveal
points of vertical tangency, resulting in a common jump phenomenon observed

5

Nondimensional amplitude, a

/——B=0.09
B=0.10
—— B=0.11
——B=0.12

5

Nondimensional amplitude, a

y=0.15

1 =0.20
—— p=0.251
1 =0.30

F1G. 2. Plots of dimensionless amplitude vs. stress field for various strain gradient and nonlocal

parameters (I = 2w, F0 = 20).
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F1c. 3. Plots of dimensionless phase angle vs. stress field for various strain gradient and nonlocal
parameters (I = 27, FO = 20).

in nonlinear vibratory systems. Notably, within the 1/2 subharmonic paramet-
ric resonance, there are nine dynamic buckling patterns, and all curves on the
transition set can be described as either straight lines or quadratic curves. Fig-
ure 4 showcases the amplitude behavior of the clamped FG beam around the

15 — 15 ‘ ‘ -
e g 7

S] s //
[} () s —u=04
3 3 ~ u=06
= 10! s 10 / —— p=08]
5 S 1o
© © p=1.
2 2 .
o 5¢ 9]
E £ —]
© el
c c
o o
z p4

0 . 0

20 -10 0 10 20 30 20 30

g g

F1G. 4. Plots of dimensionless amplitude vs. stress field for various strain gradient and nonlocal
parameters.



FORCED NONLINEAR VIBRATIONS. .. 639

first mode, considering both strain gradient and nonlocal parameters. As evident
from the depicted figures, the right branches display points of vertical tangency,
leading to a typical jump phenomenon observed in nonlinear vibratory systems.

5. CONCLUSIONS

This article investigated the forced harmonic vibration of a magneto-electro-
viscoelastic nanobeam resting on a viscoelastic medium, based on a nonlocal
refined beam theory with various boundary conditions. According to the nonlo-
cal strain gradient theory, the governing equations are obtained using Hamilton’s
principle and solved implementing an analytical solution. Then, nondimensional
amplitude and phase angles are studied over stress fields and the key findings
are as follows:

e Once the nonlocal parameter is increased, a wave amplitude becomes

smaller.

e The higher strain gradient parameter value amplifies the amplitude and

reduces the phase angle.

e The phase angle is affected by both the nonlocal parameter and the load

factors.

e An increase in the stress field strength leads to a decrease of the phase

angle’s rigidity.

e By amplifying the stress field strength and nonlocal values, the non-dimen-

sional amplitude undergoes a decrease.

e It is noticed that the curves on the transition set are straight lines or

quadratic.
APPENDIX
My = I (pX13 — X11)
Mg =1 (X11 — uX13),

Mz =1
My =1
Mas = Iy
Moz = I
Msy = I
M3y = I

)
)
X1 —pXi3),
pXa0 — X20)
1X20 — Xoo) +

pXa20 — Xoo) +

1Xa0 — X20)
)

uXa20 — Xoo) + I3 (X20 — pX40)

Iy (720 - MY40) )
I3 (720 - MY40) )

o~ o~ o~ o~ o~ o~ o~ o~
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Msg = I (uX20 — Xoo) + I5 (X20 — nXa0),

Ci1 = igoJi1 (A X15 — X13),
Ci2 =igoJiy (X13 — AX15),
Ci3 = igoJi) (X13 — \X13),
Co1 = igoJ) (A X0 — Xu0),
Ca2 =i (Xoo — pX20) ca+ ig0J57 (X0 — AXe0),
Caz =i (Xoo — pX20) ca +igoJ5] (Xa0 — XX60),
C31 = igojlfl (A X0 — Xu0),
Caz =i (Xoo — nX20) ca +igo I (Xa0 — XXe0),
Cs3 =i (Xoo — pXo0) ca + igo ] (X140 — XXe0) +igoKss5 (AX 40 — Xa0),
kg = Ji (AX 15 — X13),
k1o = Jf (X153 — AX15),
ki = JI (X153 — AX15),
kg = K& (\X 13 — X11),
kis = K3t (A X 13— X11),
ko = Jf1 (AX 60 — Xa0),
ko = (NP + N") (X0 — pX10) + kuw (Koo — pX20) + kp (14X 40 — X20)
+ Jif (X0 — AXg0),
kag = (NP + NT) (X0 — 1 X40) + kw (Xoo — 11X 20) + kyp (14X 40 — X20)
+ Jflf (X410 — A Xe0),
kos = X5 (A X140 — X20),
kos = X351 (A X140 — X20),
k31 = Jlfl (A X60 — X40),
kgy = (NP + NT) (X0 — 1 X40) + ko (Xoo — 11X 20) + kp (14X 40 — X20)
+ 7 (Xa0 — XXe0),



FORCED NONLINEAR VIBRATIONS. .. 641

kaz = (NF + N") (X0 — puXa0) + kw (Xoo — 11X 20) + kyp (1 X 10 — X20)
+ K55 (A X 40 — Xoo) + I (Xa0 — A Xe0),

ksa = (Y — X15) (AX 40 — X20),
kss = (Va7 — Yi5) (AX 40 — X20),
kar = K& (Xa0 — A\X o),
ki = X5 (A X140 — X20),
ka3 = (X15 — Y57) (X20 — AXa0),
kas = X11 (X 20 — AX10) + X33 (AX 20 — Xo00),
kas = Y11 (X 20 — AX40) + Y33 (AX 20 — Xo00),
kst = K5} (X20 — AX4p),
ksy = X (AX 40 — X0),
ksz = (Y15 — Y31) (X0 — AX40),
kss = Y11 (X20 — AX40) + Ya3 (AX20 — Xoo),
kss = K11 (X20 — AX40) + K3 (AX 20 — Xoo),
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