Advances in Aircraft and Spacecraft Science, Vol. 6, No. 4 (2019) 273-282
DOI: https://doi.org/10.12989/aas.2019.6.4.273 273

Analyzing nonlinear vibrations of metal foam nanobeams with
symmetric and non-symmetric porosities

Abbas A. Alasadi, Ridha A. Ahmed and Nadhim M. Faleh*

Al-Mustansiriah University, Engineering College P.O. Box 46049, Bab-Muadum, Baghdad 10001, Iraq

(Received December 26, 2018, Revised January 18, 2019, Accepted January 19, 2019)

Abstract. This article is concerned with the investigation of geometrically non-linear vibration response of refined
thick porous nanobeams. To this end, non-local theory of elasticity has been adopted to provide the nanobeam
formulation. Voids or pores can affect the material characteristics of the nanobeam. So, their effects have been
considered in this research and also there are various void distributions. The closed form solution of the non-linear
problem has been used that is adopted from previous articles. Then, it is focused on the impacts of non-local field,
void distribution, void amount and geometrical properties on non-linear vibrational characteristic of a nano-size
beam.
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1. Introduction

There is one type of metal material known as metal foam with low weight due to possessing
different variations of porosities in it. The variation of porosities in this material causes a
significant difference between metal foams and other perfect metals. In a non-perfect metal, the
material characteristics are notably influenced by pore variations. Also, this variation in pores can
affect the vibration frequencies of engineering structures made of metal foams. This issue can be
understood from the works done by Chen et al. 2015 and 2016, Rezaei and Saidi (2016). Different
from metal foams, there are also functionally graded (FG) or ceramic-metal materials in which
pore variation effect is very important (Mechab et al. 2016, Mirjavadi et al. 2018, 2019a). In this
material, pores may be produced in a phase between ceramic and material. Engineering structures
made of this materials are studied to understand their vibration behaviors as reported in the works
of Wattanasakulpong et al. (2014), Yahia et al. (2015), Atmane et al. (2015a,b).

Recent studies focus on engineering structures at nano-scales due to their involvement in
nano-mechanical systems or devices. However, the main issue in these studies is to select an
appropriate elasticity theory accounting for small scale impacts. The impact of size-dependency
might be considered with the help of a scale parameter involved in non-local theory of elasticity
Eringen (1983). The word “non-local” means that the stresses are not local anymore. This is
because we are talking about a stress field of nano-scale structure. Many authors are aware of these
facts and they are using this theory to analysis mechanical characteristics of small size engineering
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structures (Natarajan et al. 2012, Belkorissat et al. 2015, Bounouara et al. 2016, Barati ef al. 2016,
Zenkour 2016, Barati 2017a, b, Ebrahimi and Daman 2016, Ebrahimi and Haghi 2018, Ebrahimi
and Heidari 2018, Ebrahimi et al. 2018, Li et al. 2015).

The present research is concerned with the investigation of geometrically non-linear
vibrational response of refined thick porous nanobeams. To this end, non-local theory of elasticity
has been adopted to provide the nanobeam formulation. Voids or pores can affect the material
characteristics of the nanobeam. Therefore, their effects have been considered in this research and
also there are various void distributions. The closed form solution of the non-linear problem has
been used that is adopted from previous articles. Finally, we try to show the influences of non-
local scale, void distribution, void amount and geometrical properties on non-linear vibrational
characteristic of a nanobeam made of metal foams.

2. Modeling a porous metal nanobeam

The material characteristics of the metal relies on the type of void/pore distributions. The voids
can distribute with uniform or non-uniform schemas. The case of non-uniform template can be
divided into symmetric (non-uniform 1) or asymmetric (non-uniform 2). In the following, the
expressions for material properties (elastic modulus E and mass density) of a metal foam will be
presented (Mirjavadi et al. 2019b)
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In above definitions, the index 2 refers to a material property at its highest value. Also, there
are two coefficients eo and e elated to pore amount and mass distribution as
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The nanobeam in this study is considered to be thick. So, it is crucial to use a higher order thick
beam model. In order to do this, we used a refined one based on following axial and transverse
displacements (u; and us) as
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Uy (X, Z,t) = w(X, t) = w, (X, t) +w,(x,1) (6)
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in which w is total deflection and

z 57°
M=y )
and
: ﬂ,zzE(Z)Zdz I E(2) f (2)dz
. ﬂ,ZZE(Z)dZ j EQ@)dz €))

3

Based on presented beam theory, many authors have derived its governing equations in the
form presented below
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In above equations | are mass inertias; ki (i=L, P, NL) are foundation parameters; Ny is
membrane force; MP and Ms defines the membrane moments which are obtained based on non-
local theory as
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in which ea is called non-local coefficient and
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By placing above equations into Egs.(9-11), one can obtain the governing equation of the
nanobeam after doing some mathematical manipulation as can be seen in previous researches
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These are two non-linear equations for a non-local non-linear refined beam.

3. Method of solution

Here, we adopted the closed-form solution which was obtained by Barati and Shahverdi (2018).
Before that, it is required to simply define the displacements as (Mirjavadi et al. 2018)
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where Wy, and Wy, are maximum amplitudes and the functions X, might be defined as
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The closed-form expression of non-linear vibration frequency might be presented as
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Table 1 Verification of normalized frequency based on various non-local parameter (L/h=20)

H (nm)
Ebrahimi and Salari (2016) This article
0 9.8594 9.8567
1 9.4062 9.4036
2 9.0102 9.0077
3 8.6603 8.6579

Porous nanobeam

X

Nonlinear foundation $ ? $ $ é é $ é
(kp, kp, kni)
- L

Fig. 1 A metal nanobeam based on elastic foundation
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Fig. 2 Normalized non-linear frequency against maximum deflection for various void coefficients and
non-local parameters (L/h=10)
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4. Results and discussions

After the derivation of closed-form non-linear vibration frequency of metal foam nanobeams
shown in Fig. 1, it is possible to find its dependency on various factors including pore
amount/dispersion, elastic foundation, geometrical properties and non-local effects. To do this, set
the material properties to E, = 200 GPa, p, = 7850 kg/m3, v = 0.33. Before that, one can
see the frequency validation in Table 1. This table shows the accuracy of adopted methodology.

One can see from Fig.2 the variation of non-linear frequency of the nano-size beam against
non-local and void coefficients when L=10h. Void or pore dispersion is set as uniform with
different values for its coefficient. The vibration frequency of a large-size beam might be achieved
by selecting a zero non-local parameter. From the figure, it might be seen that non-local coefficient
assigns a stiffness devaluation characteristic together with a smaller vibration frequency. Besides,
growth of void coefficient yields a smaller frequency regardless of non-local parameter magnitude.

One can see from Fig.3 the variation of non-linear frequency of the S-S and C-C nano-size
beams against void dispersion type at a selected value of non-local coefficient u=0.2. Gained
observations notes that a nano-size beam having void type 1 results in greatest vibration frequency
whereas the curves for uniform void type and also void type 2 are near to each other. Such
behaviors notes that a nano-size beam with symmetrical void type might achieve the greatest beam
stiffness as well as the excellent mechanical properties.

Based on different void types with e,=0.5, Fig.4 gives the variation of frequency curves
according to slenderness ratio (L/h). It is notable that a higher value for slenderness ratio means
that the nano-size beam is less rigid. Then, one can conclude that the normalized non-linear
frequency will increase with changing of L/h value. However, normalized vibration frequency is
more affected by the lower values of slenderness ratio. It might be seen from the figure that shear
deformation effect is important at smaller slenderness ratios (larger thickness).

According to different magnitudes for foundation parameters, Fig.5 contains the variation of
non-linear frequency with maximum deflection at L=10h. The main conclusion from the figure is
the dependency of non-linear foundation coefficient (Kni) to maximum deflection of the nano-size
beam. Besides, all foundation parameters might increase the value of non-linear frequency. But,
one might see the in-dependency of linear or shear foundations to maximum deflection.

5. Conclusions

Based on the closed form of nonlinear frequency, this paper was devoted to analyze non-linear
vibration behavior of a steel nanobeam accounting for foam properties in the presence of
porosities. It was seen that non-local coefficient assigned a stiffness devaluation characteristic
together with a smaller vibration frequency. Also, a nano-size beam with symmetrical void type
might achieve the greatest beam stiffness as well as the excellent mechanical properties. Moreover,
normalized vibration frequency became more affected by the lower values of slenderness ratio.
Another important conclusion was the dependency of non-linear foundation coefficient to
maximum deflection of the nano-size beam.

Acknowledgments

The researchers extend their thanks and appreciation to Mustansiriya University and the



Analyzing nonlinear vibrations of metal foam nanobeams with symmetric and non-symmetric porosities 281

College of Engineering.

References

Atmane, H.A., Tounsi, A. and Bernard, F. (2015a), “Effect of thickness stretching and porosity on
mechanical response of a functionally graded beams resting on elastic foundations”, Int. J. Mech. Mater.
Des., 13(1), 71-84. https://doi.org/10.1007/s10999-015-9318-x.

Atmane, H. A., Tounsi, A., Bernard, F. and Mahmoud, S.R. (2015b), “A computational shear displacement
model for vibrational analysis of functionally graded beams with porosities”, Steel Compos. Struct., 19(2),
369-384. https://doi.org/10.12989/s¢s.2015.19.2.369.

Barati, M.R., Zenkour, A.M. and Shahverdi, H. (2016), “Thermo-mechanical buckling analysis of embedded
nanosize FG plates in thermal environments via an inverse cotangential theory”, Compos. Struct., 141,
203-212. https://doi.org/10.1016/j.compstruct.2016.01.056.

Barati, M.R. (2017a), “Nonlocal-strain gradient forced vibration analysis of metal foam nanoplates with
uniform and graded porosities”, Adv. Nano Res., 5(4), 393-414. https://doi.org/10.12989/anr.2017.5.4.369.

Barati, M.R. (2017b), “Vibration analysis of FG nanoplates with nanovoids on viscoelastic substrate under
hygro-thermo-mechanical loading using nonlocal strain gradient theory”, Struct. Eng. Mech., 64(6), 683-
693. https://doi.org/10.12989/sem.2017.64.6.683.

Barati, M. R and Shahverdi, H. (2018), “Nonlinear vibration of nonlocal four-variable graded plates with
porosities implementing homotopy perturbation and Hamiltonian methods”, Acta Mechanica, 229(1),
343-362. https://doi.org/10.1007/s00707-017-1952-y.

Belkorissat, 1., Houari, M.S.A., Tounsi, A., Bedia, E.A. and Mahmoud, S.R. (2015), “On vibration properties
of functionally graded nano-plate using a new nonlocal refined four variable model”, Steel Compos.
Struct., 18(4), 1063-1081. https://doi.org/10.12989/s¢s.2015.18.4.1063.

Bounouara, F., Benrahou, K.H., Belkorissat, I. and Tounsi, A. (2016), “A nonlocal zeroth-order shear
deformation theory for free vibration of functionally graded nanoscale plates resting on elastic
foundation”, Steel Compos. Struct., 20(2), 227-249. https://doi.org/10.12989/s¢s.2016.20.2.227.

Chen, D., Yang, J. and Kitipornchai, S. (2015), “Elastic buckling and static bending of shear deformable
functionally graded porous beam”, Compos. Struct., 133, 54-61.
https://doi.org/10.1016/j.compstruct.2015.07.052.

Chen, D., Yang, J. and Kitipornchai, S. (2016), “Free and forced vibrations of shear deformable functionally
graded porous beams”, Int. J. Mech. Sci., 108, 14-22. https://doi.org/10.1016/j.ijjmecsci.2016.01.025.

Ebrahimi, F. and Haghi, P. (2018), “A nonlocal strain gradient theory for scale-dependent wave dispersion
analysis of rotating nanobeams considering physical field effects”, Coupled. Syst. Mech., 7(4), 373-393.
https://doi.org/10.12989/csm.2018.7.4.373.

Ebrahimi, F. and Daman, M. (2016), “Dynamic modeling of embedded curved nanobeams incorporating
surface effects”, Coupled. Syst. Mech., 5(3), 255-268. https://doi.org/10.12989/csm.2016.5.3.255.

Ebrahimi, F. and Heidari, E. (2018), “Surface effects on nonlinear vibration and buckling analysis of
embedded FG nanoplates via refined HOSDPT in hygrothermal environment considering physical neutral
surface position”, Adv. Aircraft Spacecraft Sci., 5(6), 691-729. https://doi.org/10.12989/aas.2018.5.6.691.

Ebrahimi, F., Babaei, R. and Shaghaghi, G.R. (2018), “Nonlocal buckling characteristics of heterogeneous
plates subjected to various loadings”, Adv. Aircraft Spacecraft Sci., 5(5), 515-531.
https://doi.org/10.12989/aas.2018.5.5.515.

Ebrahimi, F. and Salari, E. (2016), “Size-dependent free flexural vibrational behavior of functionally graded
nanobeams using semi-analytical differential transform method”, Compos. Part B Eng., 79, 156-169.
https://doi.org/10.1016/j.compositesb.2015.04.010.

Eringen, A.C. (1983), “On differential equations of nonlocal elasticity and solutions of screw dislocation and
surface waves”, J. Appl. Phys., 54(9), 4703-4710. https://doi.org/10.1063/1.332803.

Han, S.C., Park, W.T. and Jung, W.Y. (2015), “A four-variable refined plate theory for dynamic stability
analysis of S-FGM plates based on physical neutral surface”, Compos. Struct., 131, 1081-1089.



282 Abbas A. Alasadi, Ridha A. Ahmed and Nadhim M. Faleh

https://doi.org/10.1016/j.compstruct.2015.06.025.

Li, L., Hu, Y. and Ling, L. (2015), “Flexural wave propagation in small-scaled functionally graded beams
via a  nonlocal strain ~ gradient  theory”, Compos. Struct., 133, 1079-1092.
https://doi.org/10.1016/j.compstruct.2015.08.014.

Mechab, B., Mechab, 1., Benaissa, S., Ameri, M. and Serier, B. (2016), ‘“Probabilistic analysis of effect of
the porosities in functionally graded material nanoplate resting on Winkler—Pasternak elastic
foundations”, Appl. Math. Modell., 40(2), 738-749. https://doi.org/10.1016/j.apm.2015.09.093.

Mirjavadi, S.S., Afshari, B.M., Barati, M.R. and Hamouda, A.M.S. (2018), “Strain gradient based dynamic
response analysis of heterogencous cylindrical microshells with porosities under a moving load”, Mater.
Res. Express, 6(3), 035029.

Mirjavadi, S.S., Forsat, M., Barati, M.R., Abdella, G.M., Hamouda, A.M.S., Afshari, B.M and Rabby, S.
(2018), “Post-buckling analysis of piezo-magnetic nanobeams with geometrical imperfection and different
piezoelectric contents”, Microsyst. Technol., 1-12. https://doi.org/10.1007/s00542-018-4241-3.

Mirjavadi, S.S., Afshari, B.M., Barati, M.R and Hamouda, A.M.S. (2019a), “Transient response of porous
FG nanoplates subjected to various pulse loads based on nonlocal stress-strain gradient theory”, Eur. J.
Mech. A Solids, 74, 210-220. https://doi.org/10.1016/j.euromechsol.2018.11.004.

Mirjavadi, S.S., Afshari, B.M., Barati, M.R. and Hamouda, A.M.S. (2019b), “Nonlinear free and forced
vibrations of graphene nanoplatelet reinforced microbeams with geometrical imperfection”, Microsyst.
Technol., 1-14. https://doi.org/10.1007/s00542-018-4277-4.

Natarajan, S., Chakraborty, S., Thangavel, M., Bordas, S. and Rabczuk, T. (2012), “Size-dependent free
flexural vibration behavior of functionally graded nanoplates”, Comput. Mater. Sci., 65, 74-80.
https://doi.org/10.1016/j.commatsci.2012.06.031

Rezaei, A.S. and Saidi, A.R. (2016), “Application of Carrera Unified Formulation to study the effect of
porosity on natural frequencies of thick porous-cellular plates”, Compos. Part B Eng., 91, 361-370.
https://doi.org/10.1016/j.compositesb.2015.12.050.

Reddy, J.N. (1990), “A general non-linear third-order theory of plates with moderate thickness”, Int. J. Non-
Lin. Mech., 25(6), 677-686. https://doi.org/10.1016/0020-7462(90)90006-U.

Yahia, S.A., Atmane, H.A., Houari, M.S.A. and Tounsi, A. (2015), “Wave propagation in functionally graded
plates with porosities using various higher-order shear deformation plate theories”, Struct. Eng. Mech.,
53(6), 1143-1165. https://doi.org/10.12989/sem.2015.53.6.1143.

Wattanasakulpong, N and Ungbhakorn, V. (2014), “Linear and nonlinear vibration analysis of elastically
restrained ends FGM beams with porosities”, Aerospace Sci. Technol., 32(1), 111-120.
https://doi.org/10.1016/j.ast.2013.12.002.

Zenkour, A.M. (2016), “Nonlocal transient thermal analysis of a single-layered graphene sheet embedded in
viscoelastic medium”, Physica E  Low-dimen. Syst. Nanostruct., 79, 87-97.
https://doi.org/10.1016/j.physe.2015.12.003.

GY





