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Abstract

Size-dependent behaviours of metal foam microbeams with three different porosity distribution
models are studied in this paper. Based on finite element model, a normal and shear deformation
theory has been employed for the first time to investigate their structural behaviours by using
modified strain gradient theory and considering the effects of variable material length scale
parameter. The equations of motion and boundary conditions of system are derived from Hamilton’s
principle. Finite element models are presented for the computation of deflections, vibration
frequencies and buckling loads of the metal foam microbeams. The verification of proposed models
is carried out with comparison of the numerical results available in the literature. Calculations using
the different parameters reveal the effects of the porosity parameters (distribution and coefficient),
small size, boundary conditions and Poisson’s ratio on the displacements, frequencies and buckling
loads of metal foam microbeams. Some benchmark results of these structures for both models
(modified couple stress theory and modified strain gradient theory with constant and variable material
length scale parameter) and with/without Poison’s effect are provided for future study.
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1. Introduction

In recent years, the stringent norms raised to achieve zero carbon emissions accompanied with low
fuel consumption are directly effecting the engineering applications especially in the automotive and
aerospace industries. As a result, the usage of parts manufactured by using the cellular lightweight
materials has been increasing due to their outstanding mechanical and thermal properties. Metal
foams have the high stiffness to weight ratio, impact and energy absorption, higher structural damping
capacity than the solids, sound and vibration isolation, better thermal conductivity due to high surface
area and greater cell wall conduction. Moreover, the exhibition of plateau stress can also be observed
in metal foam structures [1]. Because of these manifold features of metal foam, researchers have been
working on the comprehensive studies for improving and optimizing the mechanical responses of

these structural members, which are the beams, plates and shells.

The flexural and stability behaviours of a simply supported isotropic beams with porosity employing
a finite element model [2, 3] and sandwich beams with a porous core using Navier’s method [4] are
studied. Elasto-static bending and buckling responses of Timoshenko metal foam beam are studied
based on Ritz method [5]. Natural frequency and transient analysis of metal foam beams are
investigated using Ritz and Newmark-f methods [6]. Nonlinear Timoshenko beam model is
developed to investigate natural frequencies of sandwich beams with metal foam core [7]. The Ritz
method is employed to understand the elastic stability and natural frequencies of graphene platelets
reinforced Timoshenko metal foam [8]. Nonlinear dynamic stability of metal foam beams is presented
[9]. Dynamic responses of Timoshenko metal foam single and multi-span beams are presented for
flexible end conditions [10]. A new method is developed to study the nondeterministic dynamic
responses of Timoshenko metal foam beams [11]. Various boundary conditions including the flexible
ones, the natural frequencies of higher order shear deformable metal foam beams are investigated
[12]. A normal and shear deformation theory is used to investigate the vibration and elastic bending
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of the metal foam beams based on iso-geometric analysis (IGA) [13]. Mechanical behaviours of
graphene foam beams are presented by implementing Rayleigh-Ritz method [14]. An optimization
study is performed for the stability response of beams having functionally graded faces and metal

foam core [15].

Elasto-static bending and stability behaviours of simply supported metal foam plate are presented in
[16]. Navier solutions based on the stability analysis are provided for the simply support sandwich
plate with metal foam core [17]. Differential quadrature technique is implemented to obtain the
numerical results for the free vibrations of the third order shear deformable metal foam plate [18].
Nonlinear classical plate theory is applied to obtain free vibration response of the metal foam plates
reinforced by graphene platelets [19]. The dynamic responses of sandwich metal foam plate with a
viscoelastic core based on the modified Fouirer — Ritz method are investigated by implementing a
first order shear deformation theory (FSDT) [20]. Natural frequency response of the elastically

founded metal foam plates are studied [21].

Analytical nonlinear dynamical solutions are presented based on the FSDT by employing thermal
effects for the metal foam truncated conical panel [22]. Ballistic capacity of the sandwich panels
having porous core is studied [23]. Employing the nonlinear classical shell theory (CST) and Navier’s
method, resonance behaviours of metal foam cylindrical shells are investigated [24]. The Ritz method
and FSDT are implemented to investigate the free vibration responses of metal foam cylindrical,
spherical and shallow shells for different end conditions [25-29]. Analytical solutions based on the
nonlinear CST are obtained to present the bending and hygrothermal stability behaviours of metal
foam cylindrical shells [30]. The nonlinear CST is employed to analyse the stability of the metal foam
cylindrical shells [31]. The FSDT is used to study the wave propagations in the cylindrical metal foam
shells rested on a variable elastic foundation [32]. Functionally graded electromagnetic layers are

used for controlling the vibration behaviours of rotating cylindrical shells with a metal foam core and
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nanocomposite faces [33]. A comprehensive review based on the structural behaviours of metal foam

structures can be found in [34].

Although many papers are carried out to investigate structural responses of metal foams for
macroscale structures (beams/plates/shells) using the classical continuum theory (CCT), there is still
limit research on small-scale ones. In order to capture size effects in these structures, higher-order
continuum models such as modified couple stress theory (MCST [35]) and modified strain gradient
theory (MSGT [36]), nonlocal theory [37], nonlocal strain gradient theory (NSGT [38]), etc. can be
used. Nonlocal wave propagation of porous nanobeam is studied using the Euler-Bernoulli and
Timoshenko beam theories [39]. Navier’s method is implemented to analyse the vibrations of
sandwich beams having carbon nanotube (CNT) reinforced faces with metal foam core with MCST
[40] and simply-supported metal foam beams with MSGT [41]. Post-buckling of metal foam simply-
supported microbeams with variable material length scale parameter (MLSP) is investigated by
MCST and Euler—Bernoulli theory [42]. Under periodic excitation, the vibration responses of silicon
foam nanobeams are examined via surface elasticity theory [43]. IGA is used to present the nonlinear
flexural responses of metal foam plate with NSGT [44]. An exponential plate theory is employed to
study the linear and nonlinear vibration behaviours of axially loaded strain gradient metal foam
graphene platelets reinforced microplates [45]. The vibration characteristics of CNT reinforced metal
foam microplates are investigated under the hygrothermal effects by using a trigonometric plate
theory [46]. The forced vibration analysis of NSGT metal foam nanoshells is revealed by employing
the FSDT [47]. Free vibrations of cylindrical nanoshells metal foam are investigated using MCST
and Love’s thin shell theory [48]. Using the FSDT, wave propagations of nonlocal strain gradient
graphene platelets reinforced metal foam nanoshells are examined considering the thermal effects

[49]. The FSDT with MCST is employed to study vibration behaviours of rotating metal foam



truncated sandwich conical micro-shells having graphene-platelets faces [71]. Some important

studies based on nonlocal elasticity can be found in Refs. [56-70, 72-74].

Based on the open literature investigation provided above, and to the best of authors’ knowledge, the
structural behaviours of metal foam microbeams based on NSDT, MSGT and finite element model
(FEM) is not available. Moreover, the effects of variable MLSP on their responses have not been
investigated yet. This is complicated problems and thus needs further investigation to fill the gap.
That is the main novelty and contribution of this study. To achieve this, FEM is developed to
investigate the elastic bending, natural frequency and stability responses of metal foam microbeams
using NSDT based on the CCT, MCST and MSGT. The effects of boundary conditions, aspect ratios,
porosity variations, thickness to MLSP ratios and Poisson’s ratio on the structural responses of the
metal foam microbeams are presented. The necessary of including three MLSPs in the MSGT rather
than only in the MCST and effects of variable MLSP on the responses of metal foam microbeams are

discussed in details.
2. Theoretical Formulation of Metal Foam Microbeams

By using the Cartesian coordinate system, the geometry of a metal foam beam with length (L), width
(b) and height (h) can be visualized in Fig.1. Within the study, various metal foam models in terms
of the different distribution of porosity are presented, namely, uniformly (UPD), non-uniformly 1
(NUPD1) and non-uniformly 2 (NUPD?2). The distribution of the porosities is symmetric in NUPD1
according to mid-plane, however, it is asymmetric in NUPD2. The Young’s modulus (E), mass

density (p) and MLSP (¢) of the metal foam models can be given by [5-10]:

UPD:

E(z) = Emax(1 — o) (1a)



p(z) = Pmaxy/1— €A

,g(z) = {max 1-— eOA

NUPD1:
E(z) = Emax [1 ~ €ocCos (%)]

P(2) = pmax [1 EmCOS (T;lz)]

(z) = Crax [1 — €oCO0S (%)]

NUPD2:

B@) = B [1 — eucos (57+ 7))

P(2) = Pmax [1 €mC0S (Z}Zl + Z)]

{)(Z) = {)max [1 €oC0S (72-[; Z)]

(1b)

(1c)

(1d)

(2a)

(2b)

(2¢)

(3a)

(3b)

(3c)

where E,.x and p,q, indicates the maximum E and p values, respectively; e, and e, refer the

porosity parameters for E and p, and can be calculated by using the following equations [5-10]:

Emin

ep=1-—
0 Emax

emzl_m

(4a)

(4b)
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where E,,;, is the minimum value of E. It is noted that e, is used to control the porosity volume

fraction within this study.

In order to develop the FEM model for the metal foam microbeams, the strain energy (U) can be

revealed by [36, 50-52]:

. .
U= Ef (Gijeij T myxi; T oy Tijknijk)d v, i,j,k=1.23 (5)
14

where g;;, m;j, p; and 75, represent the classical stress and modified stress tensors, respectively and
&j, Xij» vi and n;j are the classical strain, symmetric curvature, dilatation gradient and deviatoric

stretch gradient tensors, respectively.

If one uses the displacement field (u,,u,,u3), then the components of the classical and modified

strain tensors can be obtained as [36, 50-52]:

o = Lf0w 0w (6a)
y 2 ax] axi
1 0%u, 0%uy,
Xij = 7| €imn Krznj + €jmn Wrzm (6b)
0€mm
Vi= ax, (6¢)

1 (')ejk Oeki aeij
Mijke = §<6xi + 0x; + dxy

1 0€mm 0&mk 0€mm 0&mi 0&€mm 0€m;
_El‘sif( ™ 2 )+5jk( +257 )+5ki T 4252 )| (6d)

where §;; and e, state the Kronecker delta and permutation symbol.



Constitutive relations are depicted by using the modified stress tensors and Poisson’s effect for a

linear elastic metal foam beam as [36, 50-52]:

_(E(Z)) ' [ VE(z)

= \1+v)¢ +(1+mu—2wkﬂ&f (7a)

_ (E(@)?°(2)
i = (T) v 7b)
E(2)¢,>
Tijk = <%> Nijk (7¢)
E(2)¢,*
ms = (F52) 7

where £, £, and £, can be the associated MLSPs of modified stress tensors. If one sets £, = #; = 0,

the MCST formulation is obtained. By setting the MLSP to zero, the CCT formulation is derived.

The displacement field of NSDT used for the numerical computations can be provided in the form of

[50, 51, 53, 54]:

ez, = UGz 0 = ue )~ fi2) oD 4 i P00 (80)

us;(x, t) = Wix, t) = wyp(x, t) + we(x, t) + f5(2) wy(x, t) (8b)
473 8z3 472

f1(2) =erz(z) =Z-53 and f3(z) = 1—? (8¢c)

where u, wy,, w, and w, are the components of in-plane and transverse displacements, respectively.

If one sets the f5(z) = 0, then a third order beam theory (TBT) formulation is obtained.

The classical and modified strains can be revealed based on the employed NSDT by:



aU I rn 143
= =u' — fiwy + fowg
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1 ! ! n
Nyyz = Nyzy = Nzyy = E [fl Wl,), - f3Wl,), - f2 Ws” - 2f3Ws” = 3f; w, — f3WZH]
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Xox = Xyy = Xzz = Xxz = Vy = Nzzy = Nzyz = Nyzz = Nyyy = Nxyz = Nyzx = Nzxy = Nxzy

= Nzyx = Nyxz = 0 (9n)

The detailed formulations of classical and modified strain tensors based on the employed NSDT can

be found in [50-52].

The stress-strain relations for metal foam microbeams can be noted by:

Ox Qi1 Qi3 O Ex

Oz(=|[CQiz Q@33 O &z (10a)
O-xz 0 O Q44 ngz
Q.11(2) = Q35(2) = % with Poisson's effect (10b)

_ VE(z) . . '
Qi13(2) = e with Poisson's effect (10¢)
Q.11(2) = Q35(2) = % without Poisson's effect (10d)
Q3(2) = ’i(jz) without Poisson's effect (10¢e)
_E (2) 10

Q44-(Z) - 2(1 + v) ( f)
Py _ E@4:°(2) (7x
{pz} T 1+v {yz} (109)
(Txxx\ Noxxx

TZZZ E( ){ 2( ) r]ZZZ

Txyy _ Z)t1 \Z nxyy

Txzz [ 1+v Nxzz (10h)

TZJCJC 772.9(.96'

szyy} Nzyy

My _ E@42"(2) (Xay .
{myz} o 1+v {Xyz} (101)
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Based on the displacement field of NSDT, the strain energy (U) of the metal foam microbeams can

be depicted by:
1 Et,? £,°
U= EJ. [(Qllgxz + 2Q13"5x"5‘z + Qllgzz + Q44szz) + 1+v ()/x2 + ]/Zz) + 1+ v (nxxxz + nzzzz
14
2 2 2 2 E{JZZ 2 2
+ 377xyy + 3r]xzz + 3r]zxx + 3nzyy ) + 1—+V (ZXxy + 2)(yz ) dav (11)

The potential energy of the uniformly distributed load g, axial load N, and kinetic energy of metal

foam microbeams are presented by:
1 (L awp\>  Owg\>  Ow,\° _Ow,dws _ Ow, dw, owg 0w,
=—=| N (=2 2 2 2
v zfo 0{(6x)+(0x) +(0x)+ ox ox " ox ox 7 ox ax}d"

L
- f (qwytws + fo(Dw,)dx (12)
0

L
P 1[ p (6u)2 N (aw,,)z N (aws)z o (6wb) (aws) . ou d?wy, o 2w, )\’
2] 1'%\ ot ot ot ot )\ ot Lot oxot = %\ axot
0
o ou 02wy o {(awb> (6W2> N (6WS) <6wz>} ) 92wy, 02wy
/1 ot dxdt /2 ot )\ ot ot )\ ot s dx0t dxdt

+ K 0%ws 2+K (awl)z d 13
1\ oot 2ot ) | (13)

where t depicts time, and the associated inertial coefficients are provided by:

h
o
oty T TS KK = [ 50 (L B2 fo o fifon £ 152 (18

To develop the FEM model using the variation formulation, Hermite-cubic polynomial function is

employed to present displacement functions u(x, t), wy, (x, t), we(x, t) and w, (x, t) as:

12



4

w6 t) = ) we (e,

j=1

4
wp(x,t) = Z ijfpj(x)eiwt,
j=1
4
ws(,6) = ) w0, (0e,
j=1

4
w,(x,t) = Z wzjgoj(x)ei“’t,
-

J

where w is the natural frequency.

Nodal unknowns are revealed in the from of:

U,j = [u, u'x]
Wpj = [Wb:Wb,x]
Ws]' = [Wsr Ws,x]

Wz]' = [Wzr Wz,x]

(15a)

(15b)

(15¢)

(15d)

(16a)

(16b)

(16c¢)

(16d)

By using the total energy (IT) of metal foam microbeams and Lagrange’s equations, the governing

equations are obtained as:

n=U+V-K

o _ 9 (om\ _

where q; depicting the values of (u;, Wp ) Ws wzj).

(7)

(18)
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The developed FEM for flexural, elastic stabi

lity and free vibration problems are is revealed by:

LT
(Kl [Ki2]l  [Kiz] [Kia]] by} (103
|[K12]T [K22]  [K23] [Ka4] |< {be}  _ {F2} (19q)
|[K13]T [K23]T [K33] [K34]| {Ws]-} | {F33
l[K14]T [K24]" [Ksq]" [Kaal] {Fy}
k{WZj}J
({wi)
/[[Ku] (K12l [Kis] [Kia]] [[0] [o] 01~ [o] ]\ {W } (03
| |[K12]T [K22]  [K23] [K24]|_N |[O]T [Ga2]  [Ga3] [524]| B bj \ {0} 19h
|[K13]" [K25]" [K3s] [Kzal| Ol[O]T [Gos]" (Gl [634]J {WSJ'} (0 Y
\l[[(H]T [Kyq]" [Ksal” [K4al] 0" [Gp]" [G3al” [544]/ {W } {0}
(W) § )
({wi)
/[[Kn] (K12l [Ki3] [K1a]] [l Mool M23) (0] ]\ {W } o)
I[K12]T [K22]  [Ka3] [K24]|_w2|[M12]T [Mp,]  [Mas] [M24]| |4 bj \ {0} (19¢)
[[KB]T [Ky)" [K3s] [K34]J [[M13]T [Mys]"  [Mss] [M34]J {Ws]'} {0}
[K1a]" [K24]" [K34]" [Ka44] [M14]" [M24]" [M4]" [M44]/ {W } 0}
Wz )

where [Ky;], [My:], [Gx;] matrices and F, nodal force vector can be found in [50-53].

The kinematic boundary conditions can be provided by:

Simply support (§5):u =0,w, = 0,w, =

Oow,=0atx=0;, wp, =0,wg=0,w,=0atx =1L

Clamped (CC:u =Wy =Wy = Ws =Ws, =W, =W, =0atx=0andx =1L

3. Numerical Examples

Metal foam microbeams with three different porosity distribution models, whose materials properties

are Engy = 200 GPa, v =0.3, ppmax = 7800 kg/m3,£,,4,, = 17.6 um [9], are analyzed. The

effects of porosity distribution (UPD, NUPD1 and NUPD2), porosity parameters, Poisson’s ratio,

small size and boundary conditions (BC) on their displacements, frequencies and buckling loads are

studied. Three MLSPs of MSGT are the same (£ =¥, =¥, = ¥,) and two cases are considered:
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constant value (¢ = #,,,,,) and variable one (€ # £,,,,)- The necessary of including three MLSPs in
the MSGT rather than only in the MCST and effects of variable MLSP on the responses of metal
foam microbeams are discussed in details. For convenience, the dimensionless mid-span deflections

(DMDs), fundamental frequencies (DFFs) and critical buckling loads (DCBLs) are normalized as

3 2 2
e wL = 12L
W= wilimal 3 0L [Pmax ang . = Ny —22—.
h Emax Emaxh

3.1 Verification studies

Since there are no available results for metal foam microbeams with various BCs using MSGT and
NSDT. Thus, two verification studies are carried out: (a) metal foam macro-beams with various BCs
using NSDT and (b) simply-support metal foam microbeams with MSGT and sinusoidal beam theory

(SBT).

Tables 1-3 present the maximum deflections, fundamental frequencies and critical buckling loads of
metal foams beams. The obtained results are compared with those by Fang et al. [13] and Chen et al.

[5] who used NSDT and FSDT. It should be noted that the results with Poisson’s effect given in Table

E(Z)(1-v)
(1+v)(1-2v)

E(2)
1-v?

for

3 are obtained based on the constitutive relation Q;; = for NSDT and Q,; =

TBT. The present results agree well with those using IGA and Ritz method. Some new results from

TBT and NSDT are given as benchmark for future study in Tables 3 and 4.

To verify for metal foam microbeams with the size effect, Tables 5 and 6 show the comparison of

deflections and natural frequencies predicted by the present approach and Wang et al. [42] using the

E(z)(1-v)
(1+v)(1-2v)

SBT. For comparison purpose, the constitutive relation Q;; = for both NSDT and TBT

in case of with Poisson’s effect. An excellent agreement is found for all values of size effect
(h/®) and the porosity parameters (distribution and coefficients) confirming the validity of the

present approach for the analysis of metal foam microbeams. Due to different theory, there is the

15



slightly variation in results of two models (TBT, SBT) and their results with NSDT, which includes
the normal strain effect. Fig. 2 plots the results for three types of porosity distribution with respect to
size effect (h/¥) and porosity coefficient (ey). As eq increases and h/¢ decreases, the DFFs/DCBLs
decrease and DMDs increase. The greatest DMDs are for UPD distribution and the smallest one is
for NUPD1 one. If one considers the inclusion of Poisson's effect, this leads to decrease displacements
and increase buckling loads and frequencies. It should be noted that the results without Poisson’s
effect for microbeams agree better with those from experiments [55]. Thus, some new results without
this effect for both MSGT and MCST are given in Tables 5-7 for the future reference. The
corresponding ratios of the results of C-C metal foam microbeams versus h/# are plotted in Fig. 3.
Regardless of the porosity distribution, they are the same trend and nearly identical. At micron scale
(h/¢ = 1), they are around 2.35, 1.55 and 0.42 for DCBL, DFF and DMD, respectively and gradually
reach 1 as (h/€ = 20). This confirms the importance of including three MLSPs in the MSGT rather
than only in the MCST on the analysis of metal foam microbeams, especially at very small size h /¢ €

[0, 20].

3.2 Parameter studies

In this section, effects of variable MLSP on the behaviours of metal foam microbeams are examined
in details. It can be observed from Tables 8-10 that the results of variable MLSP (£ # ¢,,,,) have
smaller DMDs and higher DFFs/DCBLSs than the constant one (€ = £,,4,)- In other words, the size-
dependent of variable MLSP is stronger than constant one and depends on porosity distribution
especially when h /¢ = 1. When the ratios of DFFs obtained for different h/# ratios are examined, it
can be determined that with the increase of the porosity parameter, they do not change in the analysis
with a constant MLSP for UPD. However, it is observed that they decrease with the increase of the
porosity parameter for NUPD1. This decrease becomes evident even with an increment in the aspect

ratio. This observation is valid for all boundary conditions. Moreover, in the case of using variable
16



MLSP, it is found that the ratios of DFFs obtained at different h /¢ ratios decrease in contrast for UPD
with constant MSLP. Same observation is seen for the results produced by NUPD1. Based on the
evaluations performed for the computational results of DMD and DCBL studies, it is revealed that

all the statements explained above are also valid for these mechanical behaviours.

At this size, the ratios of DMD are approximately 2.1, 1.7 and 1.65 for UPD, NUPD2 and NUPD1 as
revealed in Fig. 4. These ratios reach unity as h /¢ increase. It can be seen in Fig. 4 that DMDs increase
and DCBLs/DFFs decrease with the rise of porosity coefficient (ey) and h/£. This phenomenon can
be explained by the increasing porosity coefficient leads to decrease both stiffness and density
however, the reduction of the first one is more than second one. The variation of results among three
porosity distributions is evident as e, increases. UPD metal foam microbeam has the largest DMDs
and smallest DFFs/DCBLs. When the numerical results obtained for DMD, DCBL and DFF are
examined, it is observed that the effect of variable MLSP is more dominant in the results of DMD
and DCBL than those of DFF. With the increase in h/¢ value, the ratio between the results of MSGT
and MCST approaches 1, but numerical analysis associated with a strong size effect draws attention
to the fact that there is a remarkable difference between the results produced by these two nonlocal
theories. For the three metal foam microbeam models, first vibration mode shapes are depicted in Fig.
5. While there is axial mode is observed for constant MLSP (¢ = £,,4.), Strong coupling between

shear and bending components for variable one.

5. Conclusion

This paper investigates microbeams made of metal foams accompanied with various porosity models
using the TBT and quasi-3D beam theories based on the MSGT. The governing equations are derived
from Hamilton’s principle and two nodes beam element is used to solve this problem. The present

approach is validated by comparing the results with those available in the literature. Some important
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effects related to small size, porosity coefficient, Poisson’s ratio, variable MLSPs and end conditions
on the behaviours of metal foam microbeams are discussed. Especially for very small scale (h/€ €
[0,20]), it is necessary to include three variable MLSPs in the MSGT for accuracy study of metal
foam microbeams. Moreover, the effects of variable MLSP on structural responses of metal foam
microbeams are significant for all cases in this paper. Especially, the ratios of DFFs obtained for
different h/# ratios are constant with the increasing of porosity parameter for UPD with constant
MLSP. However, if one employs a variable MLSP for UPD, the ratio mentioned above changes with
a change in the porosity parameter. Same statement can be provided for the results computed based
on DMD and DCBL analysis. It is noteworthy that UPD metal foam microbeam has the largest DMDs
and smallest DFFs/DCBLs for all cases. Some new results of these structures for both models (MCST,
MSGT with constant and variable MLSP) and with/without Poison’s effect can be used for future

studies.
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Table 1: Comparison the maximum displacements of metal foam beams under uniform load with

various L/h and BCs (e, = 0.5).

Porosity

BCs distribution Reference L/h =5 10 20 40
UPD Fang et al. [13] (Q3D) | 0.00007 | 0.00114 | 0.01813 | 0.28976
Present (Q3D) 0.00007 | 0.00114 | 0.01811 | 0.28934

CE NUPDL1 Fang et al. [13] (Q3D) | 0.00006 | 0.00092 | 0.01466 | 0.23422
Present (Q3D) 0.00006 | 0.00092 | 0.01465 | 0.23384

NUPD2 Fang et al. [13] (Q3D) | 0.00007 | 0.00111 | 0.01765 | 0.28216
Present (Q3D) 0.00007 | 0.00111 | 0.01764 | 0.28176

UPD Present (Q3D) 0.000002 | 0.00003 | 0.00039 | 0.00605

CcC NUPD1 Present (Q3D) 0.000002 | 0.00002 | 0.00032 | 0.00490
NUPD2 Present (Q3D) 0.000002 | 0.00003 | 0.00038 | 0.00589

UPD Present (Q3D) 0.000004 | 0.00005 | 0.00079 | 0.01257

CS NUPD1 Present (Q3D) 0.000003 | 0.00004 | 0.00064 | 0.01017
NUPD2 Present (Q3D) 0.000004 | 0.00005 | 0.00077 | 0.01217

UPD Present (Q3D) 0.000008 | 0.00012 | 0.00190 | 0.03026

SS NUPD1 Present (Q3D) 0.000007 | 0.00010 | 0.00154 | 0.02447
NUPD2 Present (Q3D) 0.000008 | 0.00012 | 0.00185 | 0.02947
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Table 2: Comparison the natural frequencies for metal foam beams with various BCs (L/h = 10, eq=

0.5)

Porosity

Natural frequencies

BCs distribution Reference Mode 1 | Mode 2 | Mode 3
UPD Fang et al. [13] (Q3D) | 0.0859 0.5152 | 1.3564
Present (Q3D) 0.0859 0.5152 | 1.3565
CE NUPDL Fang et al. [13] (Q3D) | 0.0875 0.5649 |1.3794
Present (Q3D) 0.0953 0.5649 |1.4379
NUPD2 Fang et al. [13] (Q3D) | 0.0870 0.5216 |1.3717
Present (Q3D) 0.0870 0.5215 |1.3711
UPD Fang et al. [13] (Q3D) | 0.51848 | 1.3516 | 2.4087
Present (Q3D) 0.5186 1.3518 | 2.4102
Fang et al. [13] (Q3D) | 0.5653 1.4541 | 2.5424
cc NUPD1 Present (Q3D) 0.5654 1.4543 | 2.5441
NUPD2 Fang et al. [13] (Q3D) | 0.5248 1.3669 | 2.4334
Present (Q3D) 0.5248 1.3667 | 2.4339
UPD Fang et al. [13] (Q3D) | 0.3672 1.1218 | 1.4168
Present (Q3D) 0.3673 1.1218 | 2.1739
cS NUPDL Fang et al. [13] (Q3D) | 0.4043 1.2159 | 1.4379
Present (Q3D) 0.4043 1.2160 |2.3192
NUPD2 Fang et al. [13] (Q3D) | 0.3719 1.1350 |1.4342
Present (Q3D) 0.3729 1.1352 | 2.1946
UPD Present (Q3D) 0.2384 0.9114 |1.4168
SS NUPD1 | Present (Q3D) 0.2639 0.9969 | 1.4379
NUPD2 | Present (Q3D) 0.2414 0.9209 | 1.4294
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Table 3: Comparison the critical buckling loads of metal foam beams with different BCs (e,= 0.5)

NxO

0.5E,h

Po= 2 An= )
BCs P'oro's,ity. Reference With Poisson’s effect Without Poisson’s effect
distribution L/h =5 10 20 L/h =5 10 20
UPD Present (TBT) 0.01057 | 0.00270 | 0.0006792 | 0.00943 | 0.00240 | 0.0006038
Present (Q3D) 0.01076 | 0.00272 | 0.0006825 | 0.00952 | 0.00241 | 0.0006052
Chen et al. [5] (FBT) - 0.00334 | 0.0008402 - - -
CF NUPD1 Present (TBT) 0.01295 | 0.00333 | 0.0008400 | 0.01563 | 0.00297 | 0.0007469
Present (Q3D) 0.01317 | 0.00336 | 0.0008440 | 0.01167 | 0.00298 | 0.0007485
Chen et al. [5] (FBT) - 0.00276 | 0.0006939 - - -
NUPD2 Present (TBT) 0.01080 | 0.00276 | 0.0006934 | 0.00963 | 0.00246 | 0.0006169
Present (Q3D) 0.01111 | 0.00281 | 0.0007054 | 0.00977 | 0.00248 | 0.0006215
UPD Present (TBT) 0.11841 | 0.03894 | 0.0105739 | 0.10912 | 0.03503 | 0.0094292
Present (Q3D) 0.12321 | 0.03993 | 0.0107076 | 0.11169 | 0.03551 | 0.0094887
Chen et al. [5] (FBT) - - 0.0130109 - - -
ce NUPD1 Present (TBT) 0.13151 | 0.04643 | 0.0129526 | 0.12215 | 0.04192 | 0.0115632
Present (Q3D) 0.13508 | 0.04747 | 0.0131092 | 0.12408 | 0.04243 | 0.0116328
Chen et al. [5] (FBT) - - 0.0108060 - - -
NUPD2 Present (TBT) 0.12050 | 0.03973 | 0.0107997 | 0.11108 | 0.03574 | 0.0096308
Present (Q3D) 0.12599 | 0.04112 | 0.0110561 | 0.11391 | 0.03638 | 0.0097380
UPD Present (TBT) 0.07175 | 0.02100 | 0.0054849 | 0.06519 | 0.01876 | 0.0048836
Present (Q3D) 0.07382 | 0.02129 | 0.0055200 | 0.06630 | 0.01893 | 0.0048993
Chen et al. [5] (FBT) - - 0.0067559 - - -
cs NUPD1 Present (TBT) 0.08302 | 0.02547 | 0.0067520 | 0.07588 | 0.02283 | 0.0060153
Present (Q3D) 0.08487 | 0.02579 | 0.0067936 | 0.07688 | 0.02299 | 0.0060339
Chen et al. [5] (FBT) - - 0.0056383 - - -
NUPD2 Present (TBT) 0.07357 | 0.02159 | 0.0056446 | 0.06686 | 0.01932 | 0.0050259
Present (Q3D) 0.07614 | 0.02208 | 0.0057345 | 0.06817 | 0.01954 | 0.0050630
UPD Present (TBT) 0.03894 | 0.01057 | 0.0027017 | 0.03503 | 0.00943 | 0.0024053
Present (Q3D) 0.03937 | 0.01061 | 0.0027042 | 0.03530 | 0.00945 | 0.0024050
Chen et al. [5] (FBT) - - 0.0033387 - - -
ss NUPD1 Present (TBT) 0.04643 | 0.01295 | 0.0033349 | 0.04198 | 0.01156 | 0.0029763
Present (Q3D) 0.04686 | 0.01299 | 0.0033378 | 0.04219 | 0.01159 | 0.0029693
Chen et al. [5] (FBT) - - 0.0028688 - - -
NUPD2 Present (TBT) 0.03973 | 0.01080 | 0.0027601 | 0.03574 | 0.00963 | 0.0024555
Present (Q3D) 0.04058 | 0.01096 | 0.0027951 | 0.03617 | 0.00970 | 0.0024697
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Table 4: DFFs and DMDs of metal foam beams with different BCs (e,= 0.5).

BCs 'Porosit_y Reference DFFs bMD
distribution L/h =5 10 20 L/h =5 10 20
UPD Present (TBT) | 0.8877 | 0.9082 | 0.9136 | 19.6743 19.0856 18.9366
Present (Q3D) | 0.8934 | 0.9112 | 0.9155 | 19.5032 18.9821 18.8659
CE NUPDL1 Present (TBT) | 0.9790 1.0080 | 1.0158 | 16.1231 15.4788 15.3154
Present (Q3D) | 0.9852 1.0112 | 1.0178 | 15.9839 15.3968 15.2590
NUPD2 Present (TBT) | 0.8968 | 0.9179 | 0.9235 | 19.2654 18.6823 18.5347
Present (Q3D) | 0.9046 | 0.9231 | 0.9277 | 19.0091 18.4897 18.3725
UPD Present (TBT) | 4.6994 | 5.4597 | 57260 | 0.5857 0.4426 0.4059
Present (Q3D) | 4.7612 | 5.5001 | 5.7502 | 0.5723 0.4369 0.4027
ce NUPDL Present (TBT) | 4.9476 | 5.9530 | 6.3338 | 0.5278 0.3717 0.3315
Present (Q3D) | 5.0098 | 5.9966 | 6.3604 | 0.5164 0.3670 0.3290
NUPD2 Present (TBT) | 4.7395 | 55140 | 57864 | 0.5754 0.4338 0.3974
Present (Q3D) | 4.8083 | 5.5662 | 5.8246 | 0.5608 0.4264 0.3924
UPD Present (TBT) | 3.5547 | 3.8801 | 3.9793 1.0111 0.8670 0.8305
Present (Q3D) | 3.5839 | 3.8954 | 3.9880 | 0.9932 0.8600 0.8269
cs NUPDL Present (TBT) | 3.8246 | 4.2714 | 44145 | 0.8724 0.7146 0.6746
Present (Q3D) | 3.8558 | 4.2884 | 4.4241 | 0.8578 0.7090 0.6717
NUPD2 Present (TBT) | 3.5871 | 3.9199 | 4.0217 | 0.9919 0.8491 0.8130
Present (Q3D) | 3.6236 | 3.9446 | 4.0405 | 0.9710 0.8385 0.8055
UPD Present (TBT) | 2.4121 | 25268 | 2.5588 | 2.1686 2.0177 1.9799
Present (Q3D) | 2.4167 | 25281 | 25591 | 2.1491 2.0129 1.9788
ss Present (TBT) | 2.6379 | 2.7973 | 2.8430 | 1.8106 1.6449 1.6035
NUPD1 | Present (Q3D) | 2.6434 | 27990 | 2.8434 | 1.7956 1.6413 1.6026
NUPD2 Present (TBT) | 2.4319 | 25523 | 25860 | 2.1250 1.9754 1.9380
Present (Q3D) | 2.4432 | 25604 | 2.5931 | 2.9070 1.9610 1.9269
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Table 5. Comparison the displacements of S-S metal foam microbeams under uniform load for

various h/¢ (eq = 0.5,L/h = 10)

.POFOS“.V Reference Theory Poisson’s ht (oo = 05) (/=1
distribution effect | pjp=1 4 8 0.1 0.4 0.8
Wangetal. [42] | oy X 11556 | 8.1887 | 11.7705 | 0.8174 | 1.0426 | 1.8209
(SBT, &, = 0)
MSGT X 11717 | 8.2326 | 11.7883 | 0.8288 | 1.0571| 1.8463
Present - 1.2034 | 10.1377 | 16.1618 | 0.8512 | 1.0857 | 1.8963
UPD (TBT.&,=0) [ oot X 3.3278 | 11.5119 | 13.1330 | 2.3538 | 3.0023 | 5.2438
- 3.6088 | 156761 | 18.8248 | 2.5525 | 3.2558 | 5.6866
MSGT X 15577 | 10,8133 | 15.4110 | 1.1018 | 1.4054 | 2.4546
Present - 1.5660 | 11.4029 | 16.8476 | 1.1076 | 1.4128 | 2.4677
(g, # 0) MOST X 35481 | 14.3302 | 16.8976 | 2.5096 | 3.2010 | 5.5910
- 3.6191 | 156631 | 18.7895 | 2.5598 | 3.2652 | 5.7029
Wangetal. [42] | sy X 1.0925 | 7.1132| 9.8378 | 0.8135| 1.0061| 1.4743
(SBT, ¢, = 0)
MSGT X 11074 | 7.532| 9.8512| 0.8248 | 1.0198 | 14946
Present - 11432 | 8.9510 | 13.5942 | 0.8477 | 1.0514 | 15526
(TBT, &, = 0) X 3.0736 | 9.6401 | 10.8184 | 2.3348 | 2.8482| 4.0305
NUPD1 MCST - 3.3753 | 13.2266 | 155028 | 2.5368 | 3.1176 | 4.4889
MSGT X 14741 9.3808 | 12.8476 | 1.0967 | 1.3571| 1.9920
Present - 14835 | 9.9431| 14.0816 | 1.1027 | 1.3654 | 2.0074
(g, % 0) MOST X 3.3107 | 12.0711 | 13.9102 | 2.4932 | 3.0599 | 4.3907
- 3.3874 | 13.2240 | 154783 | 2.5443 | 3.1282 | 4.5081
Wangetal. [42] | sy X 11207 | 7.9842 | 11.5082 | 0.8162 | 1.0244 | 1.5743
(SBT, &, = 0)
MSGT X 1.1354 | 8.0254 | 11.5248 | 0.8276 | 1.0382 | 1.5907
Present - 1.1659 | 9.8755 | 15.7925 | 0.8501 | 1.0664 | 1.6278
(TBT, &, = 0) X 3.2351 | 11.2527 | 12.8532 | 2.3493 | 2.9510| 4.6500
NUPD2 MCST - 3.5068 | 153154 | 18.4188 | 2.5484 | 3.2011| 4.9945
MSGT X 1.5082 | 10.4649 | 14.9194 | 1.1003 | 1.3797 | 2.1045
Present - 15164 | 11.0621 | 16.3846 | 1.1061 | 1.3871| 2.1157
(¢, £ 0) MoST X 3.4408 | 13.8823 | 16.3656 | 2.5053 | 3.1435| 4.8741
- 35137 | 152458 | 18.3012 | 2.5558 | 3.2088 | 4.9878
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Table 6. Comparison the fundamental frequencies of S-S metal foam microbeams for various

h/#,ey(L/h = 10).

.Pofos't.y Reference Theory Poisson’s it (e = 05) ©(B/f=1)
distribution effect | pjp=1 4 8 0.1 0.4 0.8
Wang et al.
[42] MSGT X 36.5809 13.7403 | 11.4598 | 39.8889 | 37.5344 | 32.6498
(SBT, &, = 0)
MSGT X 36.3244 13.7029 | 11.4510 | 39.6093 | 37.2712 | 32.4209
Present - 35.8432 12.3489 9.7802 | 39.0846 | 36.7775 | 31.9914
UPD (TBT, e, = 0) MCST X 21.5565 11.5882 | 10.8489 | 23.5059 | 22.1184 | 19.2400
- 20.7005 9.9310 9.0621 | 22.5725 | 21.2401 | 18.4760
MSGT X 31.4697 11.9448 | 10.0057 | 34.3155 | 32.2900 | 28.0879
Present - 31.3871 11.6340 9.5723 | 34.2255 | 32.2053 | 28.0142
(e, #0) MCST X 20.8538 10.3765 9.5556 | 22.7397 | 21.3974 | 18.6128
- 20.6543 9.9285 9.0647 | 22.5221 | 21.1926 | 18.4347
Wang et al.
[42] MSGT X 37.6097 147371 | 12,5299 | 39.9812 | 38.2000 | 36.2565
(SBT, &, = 0)
MSGT X 37.3519 14.6950 | 12.5212 | 39.7027 | 27.9378 | 36.0045
Present - 36.7617 13.1372 | 10.6596 | 39.1618 | 37.3641 | 35.3264
NUPD1 (TBT, &, = 0) MCST X 22.4217 12.6581 | 11.9482 | 23.5998 | 22.7024 | 21.9257
- 21.3962 10.8072 9.9818 | 22.6412 | 21.6996 | 20.7761
MSGT X 32.3460 12.8222 | 10.9563 | 34.3940 | 32.8567 | 31.1692
Present - 32.2435 12.4563 | 10.4676 | 34.3010 | 32.7573 | 31.0495
(e, #0) MCST X 21.5845 11.3035 | 10.5260 | 22.8135 | 21.8825 | 20.9942
- 21.3440 10.8024 9.9845 | 22.5898 | 21.6477 | 20.7222
Wang et al.
[42] MSGT X 37.1428 13.9141 | 11.5888 | 39.9161 | 37.8641 | 35.1080
(SBT,¢, =0)
MSGT X 36.8730 13.8712 | 11.5750 | 39.6364 | 37.5941 | 34.8067
Present - 36.3786 12.5049 9.8854 | 39.1087 | 37.0890 | 34.3696
NUPD2 (TBT, &, =0) MCST X 21.8500 11.7145 | 10.9605 | 23.5279 | 22.3024 | 20.3755
- 20.9859 10.0417 9.1564 | 22.5900 | 21.4131 | 19.6573
MSGT X 31.9719 12.1389 | 10.1666 | 34.3392 | 32.5838 | 30.2890
Present - 31.8813 11.8075 9.7029 | 34.2485 | 32.4939 | 30.1876
(e, #0) MCST X 21.1707 10.5399 9.7071 | 22.7587 | 21.5892 | 19.9067
- 20.9527 10.0595 9.1812 | 22.5397 | 21.3727 | 19.6706
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Table 7. The critical buckling loads of S-S metal foam microbeams under point and uniform load

for various h/¥¢,ey(L/h = 10)

; : B h/f (e, = 0.5 en(h/f =1
SO | Reference | Theory | POon' [0 =09 e D
h/t =1 4 8 o=0.1 0.4 0.8
MSGT X 109.5788 | 15.5951 | 10.8908 | 154.9247 121.4588 69.5400
Present - 106.6972 | 12.6670 7.9459 | 150.8506 118.2648 67.7113
(TBT, &, = 0) MCST X 38.6030 | 11.1538 9.7758 54 5777 42.7881 24.4979
UPD - 35.6000 8.1931 6.8221 50.3320 39.4596 22.5922
MSGT X 82.4275 | 11.8744 8.3319 | 116.5376 91.3639 52.3095
Present - 81.9930 | 11.2613 7.6222 | 115.9233 90.8823 52.0337
(sz * 0) MCST X 36.1978 8.9607 7.5988 51.1771 40.1221 22.9715
- 35.4913 8.1992 6.8346 50.1783 39.3391 22.5232
MSGT X 115.0899 | 17.9469 | 13.0292 | 155.6770 | 125.9239 85.9403
Present - 112.3358 | 14.3459 0.4452 | 151.4676 122.1469 82.7361
(TBT, &, = 0) MCST X 41.7973 | 13.3164 | 11.8637 55.0211 45,1037 31.8749
NUPDL - 38.0637 9.7089 8.2822 50.6447 41.2096 28.6221
MSGT X 87.1265 | 13.6866 9.9917 | 117.0802 94.6343 64.4894
Present - 86.5721 | 12.9138 0.1175 | 116.4443 94.0597 63.9936
(&, # 0) MCST X 38.7939 | 10.6350 9.2219 51.5129 41.9739 29.2521
- 37.9204 9.7095 8.2945 50.4844 41.0618 28.4938
MSGT X 113.0899 | 15.9980 | 11.1398 | 155.1459 | 123.6800 80.7273
Present - 110.1305 | 13.0036 8.1317 | 151.0465 120.4109 78.8882
(TBT, &, = 0) MCST X 39.7099 | 11.4106 9.9885 54.6823 43.5329 27.6281
NUPD2 - 36.6358 8.3861 6.9725 50.4123 40.1342 25.7243
MSGT X 85.1384 | 12.2700 8.6062 | 116.7020 93.0704 61.0199
Present - 84.6786 | 11.6084 7.8375 | 116.0832 92.5693 60.6980
(&, # 0) MCST X 37.3278 9.2497 7.8457 51.2641 40.8577 26.3531
- 36.5569 8.4236 7.0168 50.2584 40.0301 25.7550
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Table 8. DFFs of the metal foam microbeams for various ey, L/h, h/¢ and BCs

Porosity S-S C-F C-C
L/h | distribution | /¢ ", "—o1 | 05 0.8 0.1 05 0.8 0.1 05 0.8
MSGT (2 = £1a0)
1 | 84140 | 77162 | 68670 | 36040 | 33051 | 29500 | 191581 | 17.5693 | 156613
UPD 2 | 52613 | 48250 | 43065 | 19965 | 18310 | 16342 | 110139 | 10.1005 | 9.0151
8 | 28802 | 26414 | 23555 | 10700 | 09821 | 08766 | 57833 | 53037 | 4.7338
> 1 | 84167 | 78310 | 74440 | 36130 | 34062 | 32883 | 10644 | 17.8308 | 16.9496
NUPD1 | 2 | 52892 | 50504 | 49856 | 20058 | 10120 | 18761 | 11.0993 | 10.7567 | 10.7669
8 | 29117 | 28636 | 28988 | 10834 | 10708 | 10033 | 58264 | 56088 | 54819
1 | 100118 | 91815 | 81948 | 36126 | 33130 | 29569 | 228645 | 20.9683 | 18.7150
UPD 2 | 55824 | 51194 | 45603 | 20102 | 18435 | 16454 | 127062 | 116525 | 10.4003
§ | 30501 | 27971 | 24965 | 10924 | 10018 | 08942 | 68748 | 63047 | 56272
20 1 | 100288 | 04041 | 00344 | 36186 | 33920 | 32505 | 229203 | 215715 | 20.8013
NUPD1 | 2 | 56058 | 53319 | 52215 | 20186 | 10196 | 18794 | 127642 | 121626 | 11.9339
§ | 30880 | 30666 | 31577 | 11061 | 10988 | 11321 | 69555 | 68907 | 7.0612
MSGT (£ # £yay)

1 | 83930 | 60175 | 38084 | 33906 | 22910 | 14412 | 18.7923 | 126761 | 7.9338
UPD 2 | 50133 | 36843 | 26779 | 19005 | 13886 | 10017 | 104763 | 76180 | 54540
8 | 28512 | 25186 | 21945 | 10505 | 09339 | 08124 | 57168 | 50187 | 43503
° 1 | 83964 | 69632 | 62456 | 34173 | 26216 | 23400 | 188500 | 157229 | 144389
NUPD1 | 2 | 50678 | 42013 | 39696 | 19173 | 15732 | 14802 | 106963 | 0.1136 | 86797
8 | 2887 | 27742 | 27962 | 10730 | 10352 | 10536 | 57766 | 54235 | 52325
1 | 94227 | 63870 | 4039 | 33996 | 23023 | 14536 | 215149 | 145624 | 9.1830
UPD 2 | 53187 | 39065 | 28374 | 19147 | 14041 | 10178 | 121004 | 88633 | 64146
8 | 30192 | 26665 | 23233 | 10813 | 09545 | 08313 | 68034 | 60016 | 52243
20 1 | 94630 | 71879 | 64034 | 34141 | 25922 | 23088 | 216573 | 165624 | 14.7871
NUPD1 | 2 | 53531 | 43704 | 41262 | 19271 | 15746 | 14825 | 121975 | 100051 | 9.4267
8 | 30587 | 29660 | 30504 | 10955 | 10626 | 10033 | 68913 | 66643 | 68116
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Table 9. DCBLs of the metal foam microbeams for various e, L/h, h/€ and BCs

Porosity S-S C-F C-C
L/h | distribution | /¢ ", "—o1 | 05 0.8 0.1 05 0.8 0.1 05 0.8
MSGT (2 = £1a0)
1 | 1078373 | 762738 | 484042 | 301038 | 212925 | 135125 | 366.7850 | 2504285 | 164.6364
UPD 2 | 335771 | 23.7492 | 150715 | 92964 | 65754 | 41728 | 1124131 | 795108 | 504582
§ | 100603 | 71157 | 45157 | 27251 | 19275 | 12232 | 322435 | 228060 | 144729
> 1 | 108.7205 | 823297 | 620275 | 302497 | 225304 | 166875 | 3728811 | 2952095 | 234.3500
NUPD1 | 2 | 339436 | 261653 | 202940 | 03808 | 71611 | 54907 | 1141473 | 901331 | 71.9865
§ | 102807 | 83506 | 68163 | 27914 | 23043 | 19301 | 327162 | 254589 | 103438
1 | 1181043 | 835093 | 530531 | 300011 | 212199 | 134664 | 4742265 | 3354223 | 2128630
UPD 2 | 367443 | 250894 | 164932 | 03068 | 65827 | 41775 | 146.9083 | 103.9080 | 659418
8§ | 109677 | 77575 | 49230 | 27628 | 19541 | 12401 | 434085 | 30.7030 | 10.4845
20 1 | 1185080 | 877100 | 644961 | 300080 | 222401 | 163415 | 476.4162 | 3544231 | 2621758
NUPD1 | 2 | 37.0542 | 281947 | 215426 | 93842 | 71360 | 54482 | 1482327 | 113.1244 | 86.7138
8§ | 112425 | 93251 | 78780 | 28324 | 23516 | 19904 | 444663 | 36.7226 | 30.7818
MSGT (£ # £yay)

1 | 955302 | 369360 | 117866 | 266548 | 102607 | 3.2532 | 324.6126 | 124.6600 | 39.2254
UPD 2 | 304864 | 138477 | 58274 | 84310 | 38046 | 15881 | 1018412 | 456766 | 18.9137
§ | 98586 | 64600 | 39125 | 26601 | 17480 | 10558 | 315620 | 20.6107 | 124303
° 1 | 977536 | 49.7706 | 320255 | 27.0048 | 132744 | 84255 | 3410745 | 1923514 | 129.9320
NUPD1 | 2 | 311783 | 180750 | 128853 | 85649 | 48417 | 34218 | 1061242 | 650071 | 47.0004
§ | 100985 | 78467 | 63407 | 27384 | 21553 | 17967 | 321902 | 239169 | 17.7531
1 | 1046049 | 404539 | 128910 | 265711 | 102575 | 32625 | 419.9742 | 162.0304 | 514707
UPD 2 | 333550 | 151327 | 63593 | 84458 | 38253 | 16042 | 1332015 | 602098 | 252462
8 | 107470 | 7.0500 | 42635 | 27068 | 17749 | 10730 | 425226 | 278614 | 16.8337
20 1 | 1055047 | 512424 | 324004 | 26.7859 | 129735 | 81973 | 4251576 | 208.6001 | 1323565
NUPD1 | 2 | 337881 | 100208 | 134524 | 85526 | 48039 | 33942 | 1353488 | 765664 | 54.1745
8 | 110208 | 87287 | 73518 | 27784 | 22002 | 18570 | 436277 | 343673 | 28.6750
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Table 10. DMDs of the metal foam microbeams for various ey, L/h, h/¢ and BCs

Porosity S-S C-F C-C
L/h1 gistribution | "¢ [Te; =01 | 05 0.8 0.1 05 0.8 0.1 05 0.8
MSGT (¢ = frar)
1 1.1859 1.6767 2.6421 10.1018 14.2822 22.5054 0.2745 0.3881 0.6115
UPD 2 3.8097 5.3862 8.4875 32.8993 46.5136 73.2946 0.9021 1.2754 2.0097
8 12.7228 17.9878 28.3445 114.1889 161.4425 254.3956 3.2599 4.6089 7.2625
5 1 1.1765 1.5550 2.0661 10.0467 13.4458 18.0925 0.2700 0.3409 0.4295
NUPD1 2 3.7689 4.8915 6.3098 32.5919 42.6196 55.4859 0.8881 1.1231 1.4047
8 12.4484 15.2963 18.7330 111.5177 135.3998 162.3473 3.2115 41193 5.4118
1 1.0871 1.5370 2.4219 10.1911 14.4084 22.7043 0.2142 0.3029 0.4773
UPD 2 3.4968 4.9439 7.7904 32.9122 46.5319 73.3234 0.6937 0.9808 1.5455
8 11.7152 16.5632 26.0998 111.4272 157.5379 248.2429 2.3692 3.3497 5.2783
20 1 1.0834 1.4650 1.9924 10.1572 13.7379 18.6848 0.2132 0.2863 0.3865
NUPD1 2 3.4676 45573 5.9648 32.6394 42.9139 56.1974 0.6874 0.9003 1.1738
8 11.4288 13.7783 16.3079 108.6918 130.9454 154.7796 2.3131 2.8031 3.3488
MSGT (£ # frmar)

1 1.3387 3.4626 108539 | 114129 | 29.6946 | 942206 | 0.3103 0.8103 25934
UPD 2 4.1961 9.2396 21.9608 36.3055 80.8346 194.8835 0.9969 2.2390 5.4752
8 | 129833 | 19.7872 | 327171 | 116.6466 | 1785149 | 296.0970 | 3.3361 5.1471 8.6014
5 1 1.3090 2.5764 4.0082 11.2417 22.7337 35.7340 0.2952 0.5238 0.7757
NUPD1 | 2 41043 7.0881 9.9468 356814 | 63.0051 | 89.1607 0.9557 1.5607 21557
8 12.6737 16.2981 20.1359 113.6879 144.8745 174.7686 3.2669 4.4041 5.9358
1 1.2273 3.1762 9.9673 115080 | 29.8341 | 93.9522 0.2420 0.6280 1.9823
UPD 2 3.8522 8.4908 20.2051 36.2765 80.2109 191.6185 0.7649 1.6950 4.0621
8 11.9558 18.2255 30.1373 113.7442 173.5607 287.1952 2.4193 3.6965 6.1237
20 1 1.2168 2.5078 3.9663 11.4113 23.5392 37.2453 0.2388 0.4858 0.7649
NUPD1 2 3.8029 6.7557 9.5522 35.8146 63.7809 90.3090 0.7528 1.3306 1.8813
8 11.6493 14,7197 17.4751 110.8127 139.9998 165.9662 2.3578 2.9967 3.5985
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Figure 1. Metal foam porosity models



30
UPD - Red

NUPD1 - Blue

20 NUPD2 - Green
[m]
=
[m]
10
0
10 0
5 0.4
hil o 08 ° eo
150
UPD - Red
100 NUPD1 - Blue
|
m NUPD2 - Green
2
50
0
10 0
hil 5 . P
: e
0 0.8 0
10
UPD - Red
8 NUPD1 - Blue
NUPD2 - Green
T8
L 6
[m]
4
2 -
0
10 0.2
hil 5 7 0.6 0.4
0 0.8 €
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Figure 5. The fundamental vibration mode shapes of C-C metal foam microbeams (e, = 0.5, h/¢ =

1,L/h = 10)
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