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Abstract.

In this article the frequency response of magneto-flexo-electric rotary porous (MFERP) nanobeams subjected to thermal

loads has been investigated through nonlocal strain gradient elasticity theory. A quasi-3D beam model beam theory is used for the
expositions of the displacement components. With the aid of Hamilton’s principle, the governing equations of MFERP nanobeams
are obtained. Further, administrating an analytical solution the frequency problem of MFERP nanobeams are solved. In addition the
numerical examples are also provided to evaluate the effect of nonlocal strain gradient parameter, hygro thermo environment,
flexoelectric effect, in-plane magnet field, volume fraction of porosity and angular velocity on the dimensionless eigen frequency.
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1. Introduction

Functionally Graded Material (FGM) is one of the
materials that exhibit different properties in different
regions due to the gradual change in the chemical
composition, distribution, orientation, or size of the
reinforcing phase in one or more dimensions. This gradual
change in structure and properties has led to the expansion
of its use in various domains. Considering the various
applications of these materials in the air, military and
defense industries, the study of methods and techniques for
making these materials is important and necessary.
Therefore, the hygro-thermal analysis of FGM structures is
a benefit case in research .The nonlocal continuum
mechanics theories in contrast to classical theory emphasize
that the stress at a point is not just directed to a point, but
also depends on other points. Meanwhile, in the classical
theory, stress is limited to a single point as expressed by
Eringen (1968, 1972). Following the Eringen’s theory,
many studies have been carried out to highlight some of
important issues: The postbuckling analysis of FG beams in
micro scales under thermal loading is investigated by
Ghorbanpour Arani et al. (2015). The buckling behaviour of
piezoelectric FG beams under thermal and electric loading
was studied by Kiani et al. (2011). Rahmani and Jandaghian
(2015) researched the mechanical response of FG beam
theory through third-order shear deformation via nonlocal
theory. Yang et al. (2010) studied nonlinear vibration of
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single walled carbon nanotubes (SWCNTs). Based on the
elastic medium the stability responses of SWCNT were
described. The effect of Winkler and Pasternak parameter,
aspect ratio of the SWCNT and nonlocal parameter were
also studied in their research. The vibration and buckling
characteristics of piezoelectric and piezomagnetic nano-
beams based on various beam models was verified by
Ebrahimi and Barati (20164, b, c, d, 2017). In their research,
the electro-magnetic effect of piezoelectric materials has
been investigated and also the mechanical responses of
FGM nanobeams have been observed under various
significant parameters. They realized that the effect of the
electro-magnetic  hygrothermal loading increases the
dimensionless frequency and buckling load. The vibration,
buckling and bending behaviour of Timoshenko nanobeams
based on meshless method was investigated by Roque et al.
(2011). Embedded in the nonlocal component relevance of
Eringen, major of articles were published searching to
extend the nonlocal beam models for nano structures.
Peddieson et al. (2003) proposed nonlocal Euler—Bernoulli
and Timoshenko beam theory whose credibility to predict
bending behaviour was accepted and verified by many
studies (Civalek and Demir 2011, Wang 2005, Wang et al.
2008). During the years of research, the small-size effects in
SWCNTs studied by Murmu and Pradhan (2009). Thermo-
magneto-electro-elastic analysis of a functionally graded
nanobeam integrated with functionally graded piezo-
magnetic layers was studied by Arefi (Arefi and Zenkour
2016). Zenkour and Sobhy (2013) studied the thermal
buckling analysis of single-layered graphene sheets lying on
an elastic medium. Bending of Electro-mechanical
sandwich nanoplate based on silica Aerogel foundation
examined by Ghorbanpour Arani et al. (2017). The
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influence of parameters such as applied voltage, porosity
index, foundation parameter, aspect ratio on the bending
response of sandwich nanoplates was studied. Simsek and
Yurtcu (2013) presented the bending analysis of shear and
normal deformations beam theory based on nonlocal theory.

In this article, vibration characteristics of MFERP
nanobeams based on quasi-3D beam model theory. The
governing equations used by Hamilton principle and are
solved by analytical method. The effects of various
parameters such as flexoelectric effect, nonlocal and strain
gradient parameter, power-law index and Winkler Visco-
Pasternak foundation on dimensionless frequency are
researched.

2. Materials and methods
2.1 The material properties of MFERP nanobeam

A MFERP nanobeam with thickness (h) and length (L)
illustrate in Fig. 1. The properties of MFERP nanobeam
(BaTiO5,CoFe,0,) shown in Table 1. (Ke and Wang 2014)

Regarding porosity volume fraction has

a
Pf=Pch+Pme+§(Pc_Pm) 1)

P, and P. consider metal and ceramic material
properties, respectively; and stands for the volume fraction
of porosity express by a, while, V. and V,, are the volume
fractions of ceramic and metal phases, respectively, the
relation can be written by

VetVn=1 )

The volume fraction of ceramic phase can be calculated
in any desired thickness express by

-Gl

Now, substituting Eqgs. (2) and (3) in Eq. (1) results in an

equation for equivalent material properties of porous FG
beam

p
P(z)=(PC—Pm)<%+%) +Pm+%(PC—Pm) (@)

2.2 Kinematic relations

A quasi-3D beam model accounting for shear

Table 1 Piezo-electro-elastic coefficients of material

properties
Properties BaTiO; CoFe,0,
ci1 (GPa) 166 286
e3; (Cm™32) -4.4 0
ki (107°C?m™2N71) 11.2 0.08
Kq3 12.6 0.093

p (kgm™3) 5800 5300

deformation is considred. The displacement can be written
as

U1(X’ y,z) U(X’ y)—za—xb— @) axs 5)
_ oW, oW,
,V,2)= , _z7b_f s
uz(x y z) v(x y) Z (2) ©)

Uy (X, Y,2) =W, (X, V) +W, (X, Y) + ()W, (X, y)  (7)

in which u, v, wy,, ws and w; are unknowns of displacements
of mid-plane. Also, f(z) is a shape function that determines.
The present theory has a function in the form

f(2)=2-sin(2) /& ®)
Also, the Hamilton’s principle states that

f 8l — My + I,)dt = 0 )
0

where Il is the total strain energy and external applied
forces denote by IIy,. The strain energy variation I1g can
be computed as

6l = foij&sijdv = fax&x + 0x,0Vxz t 0y,07y, (10)

Substituting Egs.(5) - (7) into Eq.(9) yields

s _fl(NOSu 4y 320w

s 3y b To 2
o Ox ox (11)

y 026w, N LA p

$ 0x2 ¢ 0x ydx

In which the variables at the last expression are
expressed by

h/2
{Ni,Mi} = f 0:{1,z%}dz,i = (x,y,xy) (12)

—h/2

In this study, the nanobeam is subjected to an in-plane
axial magnetic field. Hence, to derive the exerted body
force from longitudinal magnetic field H = (Hy, O, 0), the
Maxwell relations are adopted

fl, =n(Vx(Vx(ixH))xH (13)

Where d = (u,, 0,u,) is displacement vector and 7 is
magnetic parliamentary. For a planar beam deformation
with the assumed displacement field, the resultant Lorentz
force takes the form

o*w
2
H, —

f, =n[ fdA=nA (14)

The variation of the work can be written in the form
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L 0w 36
5T, f[( ad —‘;V—kw6(wb+ws)

(Wp4Ws) As(wP + ws)
2 i S 15
+k,0 92 dx —cq 5 (15)
226(w? + w)

—nAH? %

+f136 (WP + w*)

where fi3, N7, NR are flexoelectricity coefficient, applied
forces due to variation of temperature and beam’s angular
velocity around the z axis, respectively, and can be defined
in the following form as

L
= ff(p(Z)AQZX)dAdX
X A (16)

where Q denotes the angular velocity of the nanobeam. In
this research the maximum amount of the axial force
generated by the rotation of the beam is considered as
follows

L

NR .« = ff(p(z)Asz)dAdx 17

0

where AT = T — Ty in which Tois the reference temperature
concentration, respectively and ky, Winkler coefficient, k,
and cq are shear and damping coefficients of medium,
respectively. The variation of kinetic energy is represented

by

f’ [6u66u 6wb 65W5><6Wb 66WS)
°lat at at 5t ot 5t

ud2sw, 06udw,
(E dxat W&ar)

p (62Wb 625Wb>]

2\ 0xat oxot
ou 925w* | 08u 92w
(ac axot | ot 8x6t>

X (@a 6ws)
2\ oxat dxot
02wy, 026w,
(Oxat dxadt

(18)

azws 026w,
6x6t dxadt

where

(IO’Il'Jl’ Z’JZ’KZ)
Ihlz ) p(zns)(l' Zns' J ns' nsf’]c )dZ (19)

h/2-hy

The governing equations are obtained by inserting Egs.
(10)-(15) in Eq. (9) when the coefficients of du, dw, and ows
are equal to zero

6N_162u Iawb 3wg
ox o T e T e (20)
—nAHZ(W? + w¥)

92M,
0x2
» (02Wb+m) ; o3u o o*wy,
a2 ot? Loxot? 2 9x20t?

9 (wp+ws)

—lew (WP + W) + cg == 0

+ (NR = NT + Kp)VZ(w? + w¥)

(21)

9°M, 0Q .
922 +6_+(N

(62wb 02W5> 0%u 0*wy,

— NT + Kp)VZ(w? + w¥)

22
9tz T oz ) N axaez T2 axrar (22)

0*wy a(wp+wy)
b s ST _
+ky —— x29L2 —k, (W’ +w®) + ¢y T

2.3 Elasticity theory of nonlocal strain gradient of
MFERP nanobeams

The important role of the nonlocal strain gradient
elasticity theory is that the nonlocal stress tensor at a
reference point relies on the strain tensor of the same
coordinate and on other points in the solid.

do®
o =of) -—1 (23)
dx
0

Where the stress g,,” corresponds to strain ex and
higher order stress 0(1) corresponds to strain gradient ey
and are defined by

L
060) = Io Cijaao (X, X', €9@) & (X')dx’ (24a)

@ L ' ' r '
o =| Io Cijraon (x, X' e12) i (X )dx (24b)

In which Cjj are the elastic constants and eja and e;a
consider the influences of nonlocal stress field, and | denote
the material length scale parameter and captures the effects
of higher-order strain gradient stress field. The relation for a
MFERP nanobeam can be stated as

1-(&a)*V*1l-(ea)*VZ]oy;

(25a)
= Cijkl [1- (e1a)2v2]5k| - Cijkl 1?[— (eoa)zvz]vzgkl

In which V2 denotes the Laplacian operator. Supposing e:
= go = e and discarding terms of order O(V?), the general
constitutive relation in Eq. (25a) can be rewritten as

[1_(ea)2V2]O-u =Ciu [L-1°VZ]g, (25b)

Also
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UU_(ea)ZVZJU

E (26)
=1-—1?V? Cijri€n — szija_xlj + Cijri@u
where @ and f; are thermal and moisture expansion
coefficients, respectively; Thus, the communicate relations
MFERP nanobeam can be stated as

0%0,,
Oxx — U 2

62
= E(Zns) (gxx n %2 = — aAT — flz)

(273)

2

= o) (re—n222) @)
ns Xz %2

O-XZ _# axz

where u = ea? and # = I2. Applying the Kelvin’s model on
elastic materials with viscoelastic structural damping
coefficient (g) and integrating Eq. (28) over the cross-
section area of nanobeam provides the following nonlocal
relations for a refined beam model as

voud V(1 2 (1+ a)
“axz_ ”axz ‘g(')t

ou 0%w, 0%wy
(45— 8% -5z ) 7 - N

M, 0°M, 1 o’ <1+ a)
THG T M ox2 9%t

(28)

29
Bau Dazwb D 92wy uT (29)
ox 0x2 5 9x? *
M 0"Ms (1 aZ) 1492
(1 PN (1440)
dx dx at (30)

2%w 9%w,
De—2 — H, S) —MT

du
BS& TP ax2

o510 (0203

where the cross-sectional rigidities are calculated as follows

(A/B,B,,D,D,H,)

h/2—h, 32)
_-[ h/2-h, E(z,)) A 2. f.2,%, 2, F, £2)dz,
hi2-h,
/Ag = J-—h/Z—hD g C;(Zns)dzns (33)
h
2o
vz M M7y = [ L FE G g

- TO){L Zns, f}dzns

Displacements of MFERP nanobeam are illustrated by
inserting for Mp, Ms, Q and N from Egs. (29)-(32),
respectively into Egs. (20)-(22) as follows

o2 )(62u v g o°u )
Tox? oxz " 9 Grox?
o? |, 0w, o*w,
+
n 6X2)( o

Al—

—-B@1—

0%, o%w. o*w,
—-B,(1— s s (35)
s ( Upe: )( BV +g

— 1y =i + 1
o°w,

o'u o°w, 2
—Jdi—==5)=
ox ot

ox2ot: ' oxcet?

62
Bl{l—-n—rm
< 1 axz)
D 1 62 64Wb aSWb
"5x2 )\ ax* 9 3t0x
0*wy %wy
x4 tg 6t6x4>

+ 23wy
9 5tox?

. 62Wb+azws g 2%u o 0*wy,
O\ 9tz ' a2 1oxatz T 255202

4

0

+ (1

5 __ _ 2(1,,b s
+/; 9x20t2 ky, (Wp+w) — nAHZ (W® + w¥) (36)

aZ(Wb+Ws) a(Wb'|'Ws)
I+ky =7~
0*(wy+ws)
ox*
0*wy o o3u ! 0%w,
1ox30t2  ?ox*ot?
64(Wb+ws)
Ox*

+H((NT+Nr$1ax)
day (2
0\ ox20t2 " 9x2at?

0%wy 0% (wp+ws)
e gage T T the

0% (wp+w;)
dx? Ca

esq 0w, 02w
2k33f13< a2 | ox?

0%u
By(1 - nﬁ)(a;ﬁ gat6x3)

-D (1_na_2>(m+g 05Wb>
$ 0x2/\ o0x* Jotox*
n <1 n"’z)(a" +g"’sws)
s 0x2 )\ ox* otox*
+Ag(1 - 0"\ (2w >+ 0w e
S\" T 9x2 )\ axz T 9 5rax?
» (azwb_l_OZWS) ] 0%u v 0*wy,
o\ otz ' at2 Loxat? 7% ox20t?
0*wy
ZatZ

aS(Wb‘l'Ws)
0x20t

+nAH?

+k2a — ky,(Wy+wg) —nAHZ(W? + w¥)
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aZ(Wb+Ws) a(wb+Ws)
axz 9T ot
64(Wb+ws)
dx*
N < 0*wy, 0w, > 23u 2%w,,

+k,

+u((NT+NRax)

9x20t2 | 9x20¢2 1 dx39t2 — /2 dx*ot?
0w, 0% (wp+ws) 0*(wp+ws)
gaocz T v Tz T3
Z(Wb+Ws) as(wb+Ws)

9x2 ‘4 5x20t

e 0tw, 02w,
2k S ( dx? * d0x?

3. Solution procedure

(37)
+k,

+nAH?

In this section, an analytical solution is implemented in
which the generalized displacements are expanded in a
double Fourier series in terms of unknown parameters. The
selection of the functions in these series is associated to
those which satisfy the boundary edges of the nanoplate.
These boundary edges are given as:

e Simply-supported (S):
w,=w,=N, =M, =0 atx=0,a (38)

=w,=N,=M, =0 aty=0,b (39)
e Clamped (C):
u=v=w,=w, =0 x=0,a and y=0,b (40)

To obtain boundary conditions we use the following
equations

uGee)= Y Unaxar%x)emnt (41)

> 0X,

v(x,t) = Z n% iont (42)
Wy (5,) = )" Wy X (D)el0nt (43)
Wg (x: t) = Wsn Xn(x)eiwnt (44)
W, 8) = ) Wy Xy (D)elont (45)

where [K], [C] and [M] are the stiffness, damping, and mass
matrixes for FG nanobeam, respectively.

ki1 = Alaz —nayy),

Ki, = B(ag —nays),

K;3 = Bs(ag —nay3)

kyz = (NT + NEox—kp)(—a; + pag) — ky, (as — pay)
— fiz(as — pa;) — Dg(ag — nays)

Ky = (N + NRox—ky)(—a; + pag) — ky, (as — pa;)
— fiz(as — pay) — D(ag — nay3)

K3 = (NT + erflax_kp)( a; + H%) ky (as — pas)
— Ag(as — pas) — f13(a’5 paz)
— Hg(ag — 770-’13)

c11 = Aig(as —nayq),

12 = Big(ag —nays),

1,3 = Bsig(ag —nays)

Cp3 = —cqias — pay) — cqi(as — pas)

Cp2 = —Cqi(as — pay) — Dig(ag — uay3)

¢33 = —Dsig(ag — nay3) + Asig(a; — nay)
— Hy(ag —nay3)

my ;= (@ — pasz)ly,

my, = (a; — uag)ly,

my 3 = (a; — uag)j;

m,, = (as — pa;)ly — (a; — pay)l,

my 3 = (as — pa;)ly—(a; — pas) J,

ms 3 = (as — pa;)lp—(a; — pagk,

In which
L . . L " f
= [, XnXndx, @ =["X; X, dx (46)

o= [ XXy, @ = [ X0 X0, = [ XX, 0x (47)

L . L
oy = [ XXt @z =] X0 X dx (48)

4. Numerical results and discussions

In this section the vibration characteristics of magneto-
flexo-electrically —actuated rotary porous (MFERP)
nanobeam made of BaTiO; and CoFe,0, are analyzed.
The validity of the present study is proved by the means of
comparing the frequencies of this model with those of
Eltaher et al. (2012) for various nonlocal parameters as
presented in Table 2.The length of nanobeam is considered
to be L = 10 nm. Also, the dimensionless frequency and
dimensionless form of viscoelastic parameters are adopted
as follows

_ , |PA L* L
w = wl Tk KW:kWEI K,
(49)
L2
pAE 1’

C=Cd
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Table 2 Comparison of the frequency for power-law FG

nanobeams
p=0.1 p=0.5 p=1

U Eltaher Eltaher Eltaher

etal. Present etal. Present etal. Present

(2012) (2012) (2012)
0 9.2129 9.1887 7.8061 7.7377 7.0904 6.9885
1 8.7889 8.7663 7.4458 7.3820 6.7631 6.6672
2 8.4166 8.3972 7.1312 7.0712 6.4774 6.3865
3 8.0887 8.0712 6.8533 6.7966 6.2251 6.1386

The influence of nonlocal parameter (u) and strain
gradient parameter () on the frequency response of
MFERP nanobeam with L/h =10, p=0.5, AT=30,AH =1
and flexoelectric effect is illustrated in Figs. 2 and 3,
respectively. It can be noticed from this figure that for the
given damping coefficient, the imaginary Eigen frequency
decrease with the increase in nonlocal parameter. Also, the
critical damping coefficient increases with the reduction in

Imaginary part of eigenfrequency
w

0 5 10 15 20 25 30
(o

the value of p. However, a reverse trend is noticed with
respect to the strain gradient parameter 7. Meanwhile, for
the real part of frequency, both p and # is found to have a
negligible influence.

Dimensionless Eigen frequency versus damping
coefficient with various temperature and moisture
environment of MFERP nanobeams with at Ky = 50, K, =
10, G =0.01, L/h =10, p=05, u =2 nm? = 1 nm?
affected by flexoelectricity is presented in Fig. 4. It can be
noticed that the hygro-thermal environment has an
important role in dimensionless vibration damping of
MFERP nanobeams. As the hygrothermal load increases, at
a constant damping coefficient, the imaginary frequency
reduces. Further, improving the hygrothermal load (AT &
AH) results in the reduction of critical damping coefficient.

Fig. 5 shows the dimensionless Eigen frequency with
imaginary and real part of MFERP nanobeam under
hygrothermal environment versus gradient index (p) for
various damping coefficients with L/h = 10, Ky, = 50, K, =
10, AT = 30, AH = 1, y = 1 nm?, u = 2 nm? considering
flexoelectric effect. It is highlighted in this figure that the
value of imaginary part of the frequencies decreases by

0 fag,
=
2 “k“{\«
g e
]
g 4
o
2
“g -6 u=0
> §=0
g 8 — ==t
£ i
8 -0 | T 2
E | e =
K. A2 M=
u=3
-14
0 5 10 15 20 25 30

c

Fig. 2 The effect of nonlocal parameter on (a) imaginary part of eigen frequency (b) real part of eigen frequency
(L/h=20,p =1, AT =20, AH =1, Ky = K, = 0) of MFERP nanobeam

6
[*eeeeeenn, =i M0
g O el ' .
=] — K n=2
5 . -
% 4 RN, -
k=2 e NN
s 3 N
£ “A\"
2 \ -\
> 2 \ .
g | L ¥\
=) AT
E' WW\:
N EETTITTPTTTINPRE, 15 | N
0 5 10 15 20 25 30
c

Real part of eigenfrequency

0 5 10 15 20 25 30
(o

Fig. 3 The effect of length scale parameter on (a) imaginary part of eigen frequency (b) real part of eigen frequency
(L/h=20,p=1, AT=20, AH =1, Ky = K, =0) of MFERP nanobeam
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7 0
' AT=20, AH=1 ;
2t L s
& - AT=40, AH=2 2
= c
S 5 | — — — - AT=60, AH=3 S 4
R R T g
s £
S 4 S -6
& ) AT=0, AH=0
25 | .; 8 AT=0, AH=0 3 "
g [~ 5 B | me AT=20, AH=1
g 2 N ) S—— AT=20, AH=1 i
% g ................. AT=40, AH=2 \
8 2 45
g 1 \ w AT=40, AH=2
0 s \ e o o -14
0 5 10 15 20 25 30 0 5 10 15 20 25 30
c o

Fig. 4 The effect of Hygro-thermal loading on (a) imaginary part of eigen frequency, (b) real part of eigen frequency of
MFERP nanobeam with damping coefficient (L/h = 10, AT =20,AH =1, Ky, =50, K, =10, p =2, h=1)

16 2
g C=5,G=001 S O oI
g 14 O SRERRERS
F c -2
3 e C=10, G=0.05 &
£ [ g 4 _———— T T 7]
g 12 [ — — —- C=15,G=0.1 2 -
3 E S
= & |/
£ 2
g 10 S 8 / C=5,6=0.01
3 E o |
2 = -10 €=10, G=0.05
g 8 2
£ 12 — — —-C=15,6=0.1

6 14

0 2 4 6 8 10 0 2 4 6 8 10
P P

Fig. 5 The effect of material composition on (a) imaginary part of Eigen frequency, (b) real part of eigen frequency of
MFERP nanobeam in hygrothermal environment (L/h =20, AT =20,AH=1, K, =50, K, =10, u=2,h=1)

w
Dimensionless frequency
w £

2 =
2
1 1
0 0
0 2 4 6 0 2 4 6

Fig. 6 Variation of dimensionless frequency of MFERP nanobeam versus length scale parameter for different gradient
indices (L/h =20, u = 2 nm?)

increasing the gradient index (p) whereas, the real part of improves, the real part becomes almost constant. Also, it is
the frequencies increases by increasing drastically at the witnessed that the lower magnitude of damping coefficients
initial values of gradient index. As the value of p further yields a higher value of frequencies in contrast to the higher
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33

3.1

29

27

25

23

2:1

Dimensionless frequency

1.9

1.7

0 1 2 3 4 5
Angularvelocity (®)

Fig. 7 Variation of first dimensionless frequency of MFERP
nanobeam versus angular velocity for different
magnetic field intensities (L/h =30, 4 =2 nm?, p =1)

damping coefficients.

The effects of Winkler and Pasternak parameters on the
variations of the first dimensionless frequency of MFERP
nanobeams versus power-law exponent for different electric
voltages at L/h = 10 and p = 1 are presented in Fig. 6. It is
seen that for all values of elastic foundation constants the
non-dimensional frequency reduces with the increase of
power-law exponent.

The variation of dimensionless natural frequencies of
MFERP nanobeam with respect angular velocity at constant
slenderness ratio L/h = 10 and nonlocal parameter g = 2 nm?
is presented in Fig. 7. It can be witnessed from this figure
that the higher angular velocity has a predominant influence
on the dimensionless frequency of MFERP nanobeam. In
addition an increment in the magnetic field raises the
frequency of the MFERP nanobeams.

The variations of dimensionless frequency versus
gradient index for MFERP nanobeam with different
porosity volume are examined at u = 1, ® = 1 Grad/s, pu =
0.1 x 10° are presented in Fig. 8. From the figure it is

o~
©

=
©

i
&

b
o

Dimensionless frequency
~ I
B (]

o
w

42

0 1 2 3 4 5 B 7 8 9 1011 12 13 14 15
Gradientindex, p
Fig. 8 The effect of porosity volume on frequency response
of MFERP nanobeam versus gradient index (1 = 1,
® =1 Grad/s, p=0.1x 107

evident that as the gradient index improves, the
dimensionless frequencies reduce drastically. In addition
higher value of « has a significant effect on the frequency
of MFERP nanobeams.

5. Conclusions

In this paper, the frequency response of MFERP
nanobeams under hygrothermal environment has been
evaluated incorporating nonlocal strain gradient theory
beam model. It can be highlighted that the proposed model
tailors both nonlocal elasticity theory and strain gradient
theory to capture the size effects much accurately. A
nonlocal stress parameter as well as a length scale
parameter is employed to involve both stiffness-softening
and stiffness-hardening influences on vibration of MFERP
nanobeams. The governing differential equations of motion
are derived by using Hamilton’s principle and an analytical
solution is employed to solve the equations for S-S
boundary conditions. The results reveal that the nonlocal
parameter has a detrimental effect on the frequency whereas
the length scale parameter improves it. Increasing the
hygrothermal load reduces the critical damping coefficient
of MFERP nanobeams. The magnitude of both real and
imaginary eigen frequencies reduces by increasing gradient
index (p), especially at lower gradient indexes. Meanwhile,
it is witnessed that the frequency response of MFERP
nanobeam increases with a higher value of applied magnetic
field and porosity volume.
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