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This paper presents an analytical study of the free vibration behavior of foam core sandwich plates
strengthened with Aluminum micro spherical powder. Sandwich plate with a polyurethane foam core sandwiched
between two Aluminum faces. To calculate the natural frequencies, use Kirchhoff's theory to drive the equation of
sandwich plate vibration. Microparticle composite equations evaluated the stiffness characteristics of a foam-
Aluminum core. The findings reveal that the impact of filling foam is effective; according to the free vibration
analysis, the sandwich plate's free vibration and static behavior can be improved by using micro spherical powder
foam in the vacant spherical gaps of the foam core. In comparison to other cores, the core foam-aluminum sandwich

plate deflects less.
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Introduction

The attractive sandwich composite was employed in
aerospace, buildings, vehicles, etc. . It comes with lower
weight, higher stiffness, high energy absorption, cost
saving, and many other distinctions. The wide range of
applications chooses the appropriate sandwich structure
depending on the behavior and environment of the
application [1]. At the same time, the sandwich structure
is two parallel thin faces, upper and lower, separated by a
thick core glued together. The face and core materials can
be made of mantellic, non-mantellic, composite, or each
alone, relying on the above [2]. Higher stiffness to lower
weight ratio is today's corporate competition war. The
structural components of the sandwich are shown in Fig.
1.

The modification for the sandwich plate structure
included multi-steps, from reinforcement by fiber
materials [3] to the additive of Nanomaterial [4], to the
improvement of the static and dynamic characterizations
for composite structure, which is used in multi-
applications, [5]. Then, in the current year, the
modification of the plate structure included an increase in
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the static and dynamic characterizations of the plate with
a decrease in the weight of the plate and an increase in the
strength (increasing the strength-to-weight ratio) by using
a different technique for mechanical properties such as
using of the reinforcement of polymer core materials and
using functionally graded materials for solid and porous
structure, [6-7]. In addition, using the Nanomaterials to
reinforce the foam and functionally graded materials
porous core structure modified the structure's mechanical
properties with low weight increase [8]. In many
applications, the core type used in sandwich panels is
corrugated, honeycomb, lattice, solid, and foam. The
diversity in core types comes from the demand for better
performance with less weight [9]. Foams are extraordinary
existence and can be found any ware around. Whenever
bubbles congregate together, forming a foam, unique
patterns that vary and continue to develop as they age,
modify and lose liquid, resulting in such a lightweight
substance. Often, they are disorganized combinations of
various sizes of bubbles. However, orderly structures can
be found [10].
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Fig. 1. Sandwich Structure Components with foam core.

Solid foams are a lightweight cellular engineering
material commonly utilized in engineering design as the
core material in composite sandwich constructions. They
may be categorized based on the material type and can be
foamed as metallic foams, ceramic foams, polymeric
foams, and others. Polymeric foams are the most prevalent
variety, and they are also known as plastic foams, cellular
plastics, foamed plastics, expanded polymers, and so on.
Chemical interactions between two or more substances
generate a particular gaseous product, confined in a bubble
phase and forming a foam [11].

Recently, many works have been proposed to improve
the composite design. Methods using composite face
sheets and metal foams cores [12], [13], [14], Aluminum
matrix syntactic foam cores [15], Aluminium foam
sandwich structures [16], and thermoplastic foams [17]
have been proposed to modify the impact strength,
dynamic characteristics, and enhancement strength and
mechanical behavior of composite structures. Qusai H.
Jebur et al. [18] conducted experimental work on a low-
density polyethylene extruded foam. The average cell
shape in the foamy direction is nearly 20% longer than in
the transverse direction. Manmohan D. Goel et al. [19]
achieved modeling and numerical simulation of foam
sandwiches exposed to impulsive stress. Stiffened
sandwich foam panels significantly enhance resistance to
impulsive loads. According to [20], an analytical solution
for vibration analysis of the functionally graded sandwich
structures was proposed using polymer core and metallic
skins based on various parameters. Murat Sen et al. [21]
developed an analytical solution to describe the impacts of
PU foam reinforcement thickness. The results show that
with increasing PU foam reinforcement thickness, natural
frequencies and damping ratios were seen to rise. The free
vibration characteristics of composite sandwich plate PVC
viscoelastic core were explored by Seyed Rezvani et al.
[22].

Zhigiang Fan et al. [23] developed a new constitutive
relation for reinforced cenosphere polyurethane syntactic
foam with a hierarchical cell structure using the stress-
strain response under a wide strain rate range through
dynamic compression tests. Many researchers have
concentrated on the mechanical analyses of
composite structures. Arunkumar et al. [24] analyzed the
bending and free vibration of a Foam-filled truss core
sandwich. The research was done theoretically and
numerically. The impact of foam is effective in cellular
and trapezoidal cores, according to the free vibration
study. The failure characteristics of sandwich plates
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comprised of composite skins and foam cores subjected to
impact loads are studied by Shuchang Long et al. [25]
using experimental and finite element analysis (FEA)
techniques. The model has the benefit of accurately
mimicking failure aspects. Cigdem Caglayan et al. [26]
used amorphous silica nanoparticles (SiO2) as a dry
powder and polyol to conduct experimental research to
check the performance of the composite sandwich panel.
The findings indicated that the shear thickening fluids
filled PU foam core sandwich composites responded with
a smaller damage breadth

Xudong Zhao et al. [27] investigated the flexural
characteristics of hybrid polyurethane (PU) foam core
theoretically and experimentally. The panel with the
hybrid PU foam core shows apparent adequate strength,
the failure ability can be increased substantially, and the
hybrid PU foam core made the structure show a more
ductility behavior. Moreover, Mylena L. Oliveira et al.
[28] studied the effects of using Al powder to reinforce PU
foam experimentally. Addition powder hydrogen-bonded
to PU molecular chains and worked as a crosslinking
agent, boosting the density. Thermodynamic stability and
impact have been enhanced. Using numerical and
experimental studies, Hosein Andami et al. [29]
investigated the performance of stiff polyurethane foams
as energy-absorbent cores. Increasing foam thickness
significantly improved the mitigation capability. Pareta et
al. [30] conducted an experimental study examining the
mechanical properties of the sandwich plate with a PU
foam core. Fly ash (FA) reinforcing particle in PU foam
was used. The results of this investigation show that the
mechanical properties were significantly improved.
Beatrise Sture et al. [31] studied rigid polyurethane (PU)
foam composites reinforced with sawdust, micro
cellulose, and nano cellulose. According to an
experimental investigation, inclusion did not substantially
improve features.

P. Mohammadkhani et al. [32] explored the influence
of steel wire on the energy absorption of a PU foam core.
The study was done experimentally and numerically. The
reinforcement enhances impact resistance, also potentially
saving money. Furthermore, Atsushi Koyama et al. [33]
presented an experimental study on the dynamic
deformation properties of rigid polyurethane foam. It is
concluded that the restriction circumstances and
deformation direction influenced dynamic characteristics.
Keleshteri and Jelovica [34] investigated the free vibration
and buckling behavior of cylindrical sandwich panels with
functionally graded metal foam core using third-order
shear deformation theory.

The preceding investigations were focused on, as can
be seen from the reviewed studies, the earlier research was
primarily experimental and numerical, with a few
theoretical studies. The majority of them are vibration-
free, buckling, and flexural. They adopted a different type
of reinforcing material, as can be seen above. This study
investigates the vibration analysis for sandwich plate
structures with Reinforced Foam Core. The solution for
plate structure with Reinforced Foam Core includes
calculating the natural frequency and dynamic response
for a plate with different core parameters. Analytical
technique to study the free vibration of the rectangular
sandwich plate using two identical face sheets of
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aluminum and in between core of polyurethane (PU)
foam, the (PU) foam to be strengthened with particle
reinforcement adopting microparticles size of aluminum
powder. The work was done theoretically after driving the
differential governing equations with Kirchhoff theory
under the assumptions that were made and using the
equation that controls the (PU) foam/aluminum powder
composite to conclude the modules of elasticity and the
passion ratio, later to calculate the natural frequencies
adopting varying densities of (PU) foam using MS Excel
Sheet.

I. Microspherical reinforcement

Reinforcements associated with polymer matrices are
micro spherical Reinforcements as Particulate composites.
These Reinforcements are solid or hollow micro balls with
dimensions ranging (from 10 to 150)pm.

Volume fraction Vf can be as high as 50%.

Modulus of elasticity Egeinforce " EMatrix

Defining the constant that controls micro-spherical
reinforcements (k) [35].

1-v \4
3] @

Where (Ef,, Gg, And vg,) modulus of elasticity,
modulus of rigidity, and the passion ratio, which are the
elastic constants of (PU) Foam as matrix material, and (Eg,
Gr And vy) are the elastic constants of the composite
(matrix + Reinforcements) are provided by the following
relations:
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Il. Analytical solution

To begin, the differential governing equations that
define the sandwich structure's vibration behavior is
derived. The equilibrium approach with Kirchhoff's
theory, often known as classical plate theory, is a theory
of thin plates. The following are the assumptions of the
linear, elastic, small-deflection bending theory for thin
plates [36].

1. The plate's thickness (h) is minuscule compared to
its lateral dimensions.

2. Given that the plate's material
homogenous, and isotropic.

3. Initially, the plate is flat.

4. Midplane deflection is minimal. As a result, the
slope of the deflected surface is very modest, square of the
slope is insignificant compared to unity.

5. Straight lines normal to the middle plane stay
straight and normal during deformation, and their length
is unaffected. The vertical shear strains vy, &yy, are

is elastic,
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negligible, and the normal strain e,, may also be
disregarded.

6. Because the stress is normal in the middle plane,
04, IS minor in comparison to the other stress
components. It can be overlooked in stress-strain
relationships.

7. Because the displacements of a plate are modest,
the center surface is considered to remain unstrained after
bending.

Using the prior assumptions and the equilibrium
method, the differential equation of forced, undamped
motion of plates (equilibrium in the z direction) has the
form [37].

2
DV2V2w(x,y,t) = p(x,y,t) — ph S (x,y, 1)

2 ©
8% Myy 9®Myy | 9*Myy P _
ax? ax dy + dy? +ph oz~ Pz
As My, Myy, and M, Are the plate's bending and twisting

moments per unit length and W(x,y, t) is the z-direction
deflection of the plate. The moments on a sandwich plate
and their directions are shown in Fig. 2. For free vibration
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Fig. 2. Moments on flat sandwich layer.

0%Myy
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ax2
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+2 a2 +ph—=0
Displacement of strain According to the Kirchhoff
hypothesis, the laminate may be stated in terms of the
transverse displacement of the center surface of the plate,
which results from the elastic body being strained due to
the applied load.

[ ( 9wo_ 0w
€ | ox | | ox x2 |
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€ = - == —_
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Stresses can be described as transverse displacement
thanks to stress-strain relationships [37].

Exx EyyVvxy
Oxx |1—vxyvyx 1-vxyVyx | Exx
[ny} =|_Eyyvxy Eyy 0 |{£yy} (5)
ny 1-vxyVyx  1-VxyVyx | Sxy
0 Gyl

The mechanical properties of plate materials sections
in the x and y directions are Ey, Eyy, Gyy, Vxy, Vyx-
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Stress Relationships for each layer of the sandwich
plate can be expressed in terms of each property:
=  Mechanical properties of the upper face part:

Exx = Eyy = Ey & Gyy 2(1+ m , also vy = vy
2 2

( Ey = (6_\;\/ + v, 0_\;\7)\

Oyx l 1-vy2 \ox dy L
E ?w | *w
o = — u - -

{ny} z 1-vy2 (Vu ax? + Byz) Q)
Xy | Ey 02w |
k (14+vy) 0x 0y J

= Mechanical properties of the lower face part:

EXX = Eyy = E] & ny = G 2(1+ D AISO ny =V
(_E )
Orx | 1-v2 (3){2 ) |
{O-YY} =-Z 1 ‘iz Vi= 2 6X2 ¥ (8)
GXY 2 |
El 0°w
k (14vy) oxdy )

= Mechanical properties of foam core
Exx = Ef1, Eyy = Epy & Gyy = Gy, AlSO vy = vy, Vi =

Va1

Using harmonic form plate stresses in the mid-plane
of the plate varies in the z-direction across the plate
thickness, corresponding to the equation. In terms of stress
components, express the bending and twisting moments,
as well as the shear force as [38]:

M, Oy
/2
My ¢t =" /Z{Gy} zdz (10)

lv[xy Xy

As oy, o,And Ty, Are the normal and share stresses on
the plate. Also, the part of ph can be expressed as:

z/2

ph= [ ,pdz (11)

For a sandwich plate made of two faces with a
thickness upward h, and downward h; And in between
thick core with a thickness h; as shown in Fig. 3.

c —
z hefa + 0y,

Fig. 3. Geometry of the sandwich plate layers.
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After integrations, the equations of moments can be
expressed as shown:

2
[ZZGI ;X—;; zdz (14)

The above outcome is a 4" degree equation, with the
solution of method of separation of variables assumption,
as a function of displacement with variables x,y and
function of time of t variable [39].

w(x,y,t) = W y)T®)

T(t) =

(18)
A cos wt + Bsin wt

And for a rectangular plate with length (a) and width
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And also, for a term of the density of each layer
multiplied by their height as written.
ph = pihy+pchet+pyhy (16)

After integration where done, back substitution is
resultant in the equilibrium equation.

E_ (h®  h’he | hhf E_ (h® hlhf hjhe®
|r 1—v12(T+ 2 + 4 ) ]| |[ 1—v12(?+ 2 + 4 ) ]|
| Ef hf3 |64W I Ef. hf3 |04W
| 1—\)1f2 (12) | ox* + | 1—V2f2 (E) |? +
E h hy?he | hyhg? E h hy?hg | hyhg?
FomCrerremo)l rEm (o)
) + [pih+péhetpihy]l = =0 (17)
[ 2E] (hl + Why hl hf + hlhf ) ] at
| a+vpp\3 2 4 |
I hf3 | a*w
+| +G (T) | 5x2 ay?
I 2Ey (hL + hy“he + huhfz) !
l(1+vu) 3 2 4 J

(b) and simply supported on all the sides, as shown in fig.
4, the boundary conditions to be:

%W %w
W(0,y) = 0 and 2 +v—73 =0
y ( dy? ) ©0y)
%W %W
W(a,y) = 0and Z+v—2 =0
y ( ay? ) (ay)
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%W,
W(x,0) = 0 and +v—=>2 =0 ) ) . . .
(% 0) ( ax? ) (x,0) With the applied condition, the displacement equation
can be written as:
9°W %W
W(x,b) = 0 and 2+v—>2 =0 (19)
( ax? ) (xb) w = Sin === Sin =~ (20)
By driving the equation above the second derivative
with x direction, y direction, and then xy direction, to solve
the 4" degree equation.
o*w _ min? m Ty
¥ m = Sin Si n b
a*w _ n*n* . mmx .. nmy
F = Sin A Sin b (21)
.................. _Ow__ m?n’nt . mmxc,  nmy
- ax2dy2  a2b? Sin a Sin b

Fig. 4. Rectangular plate (a * b) fixed in all directions. Back substitution the above in 4DOF equation as:
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By comparison, the resultant equation with the simple second-degree form, the result w?2,,, can be easily recognized:

’w
22 T wiwt=0 (23)
3 2 3 2 3 2
n® by %hy 5 b by *hy 3 by” hyThe 3
) I - T T 7 Y .V T B 32 (B (b)), 2B (372 g (M),
1-v;2 +h]hf2 1-vqiava1\ 12 | 1-v,2 +h1hf2 1-v12v21\ 12 | (1+v)) hyhg? 3 |
4 4 4

I 3 4.2 (_ | 3 . 2 ( I s . 2 |
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Ey 3 2 Eu 3 2 2Ey 3 2
\ o2 hyhg? R hyhg? tarvy hyh? /
2 L t—a J L t— | L =i J
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(24)

Since a = b rectangular plate, the upper face and lower are the same h; = h,, = hg, also v;;, = v, = v, Egy = Epy =
E¢. Taking m = 1 & n = 1, the equation can be expressed as:
(e ()

m*(,[ 2Es (hg3 hszhf hshe®)  E¢ (e
_ (5) 1-vs?\ 3 2 7t viZ\ 12 + +vs)\ 3 2 (25)
B 2pshs+pghe

(*)mn

A rectangular sandwich plate has a natural frequency conditions.
of wpn. All edges have simply supported boundary
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I11. Results

For rectangular sandwich plate a = b = 30cm. Using
two Faces with a thickness of hg = 1mm of aluminum
alloy (Al 1100-H12) has Es = 68.9 GPa,
ps = 2710 kg/m3 & v = 0.33. Polyurethane foam (PU)
adopted in the core part with a thickness of hy = 14mm,
PU properties, as inserted in the table below, has v¢~0.33.
The powder that has been used as a reinforcement particle
to the PU of aluminum powder (Al 7429-90-5) with
E,o. = 68 GPa, p,,, = 2700 kg/m* & v, = 0.36.

To complete the result, applying various moduli of
elasticity over varying foam densities according to the
ASTM D1621, density varies between (60 to 450) kg/m?
[40], and the result is listed below in table (1). The natural
frequency and young's modulus are associated with adding
micro powder, which can be seen in Fig. 5, also Fig. 6.
The results are noticeable with the relation between the
natural frequency and varying densities in Fig.7 and the
young's modulus as shown in Fig.8.

Table 1.
The results of adopting varying density ranges with
the variation in Volume Fraction.

E E w
vE% Glgoa GPfa kg/fr(;13 kg‘;§n3 rad/sec
0.000 0.00450 60 10087.0
0.005 0.00455 66 10020.0
0.010 0.00459 72 9954.4
0.015 0.0045 0.00464 60 78 9890.0
0.020 0.00469 84 9826.8
0.025 0.00473 90 9764.8
0.000 0.03820 100 9665.6
0.005 0.03859 110 9567.9
0.010 0.03899 120 9473.1
0.015 0.0382 0.03938 100 130 9381.1
0.020 0.03979 140 9291.7
0.025 0.04019 150 9204.8
0.000 0.05950 150 9205.7
0.005 0.06011 165 9079.8
0.010 0.06072 180 8958.9
0.015 0.0595 0.06134 150 195 8842.8
0.020 0.06197 210 8731.1
0.025 0.06260 225 8623.4
0.000 0.09220 200 8806.4
0.005 0.09314 220 8660.1
0.010 0.09410 240 8521.0
0.015 0.0922 0.09506 200 260 8388.3
0.020 0.09603 280 8261.6
0.025 0.09701 300 8140.6
0.000 0.12760 250 8455.2
0.005 0.12891 275 8294.1
0.010 0.13022 300 8141.8
0.015 0.1276 0.13155 250 325 7997.7
0.020 0.13290 350 7861.0
0.025 0.13426 375 7731.0
0.000 | 0.1730 | 0.17300 = 300 300 8143.5
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0.005 0.17477 330 7971.4
0.010 0.17656 360 7809.8
0.015 0.17836 390 7657.6
0.020 0.18018 420 7514.0
0.025 0.18203 450 7378.2
0.000 0.22290 350 7864.3
0.005 0.22518 385 7684.1
0.010 0.22748 420 7515.7
0.015 0.2229 0.22981 350 455 7358.0
0.020 0.23216 490 7209.8
0.025 0.23453 525 7070.2
0.000 0.26900 400 7612.1
0.005 0.27175 440 7425.9
0.010 0.27453 480 7252.7
0.015 0.2690 0.27734 400 520 7091.1
0.020 0.28017 560 6939.8
0.025 0.28303 600 6797.8
0.000 0.32290 450 7383.2
0.005 0.32620 495 7192.5
0.010 0.32954 540 7015.9
0.015 0.3229 0.33291 450 585 6851.7
0.020 0.33631 630 6698.5
0.025 0.33975 675 6555.2
350 e — R
300 [ ]
250 —
E 200
2 150
S
100
50
0
0 5 10 15 20 5
VEELD-3
— 6 ——100 150 ——200 250

Fig. 5. Graph depicts elasticity Modulus and Volume
fraction relationship at varying densities (60 to 450 kg/mq).
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Fig. 6. Graph depicts natural frequency and Volume
fraction relationship at varying densities (60 to 450 kg/m?).
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Fig. 7. Graph describes the natural frequency and density
relationship.
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Fig. 8. Graph depicts natural frequency and elasticity
Modulus relationship.

Conclusions

Several assumptions were made with the analytical
solution of free vibration for a polyurethane foam core
sandwich plate strengthened with aluminum micro
spherical powder sandwiched between two aluminum
faces. From the calculated natural frequencies, using
Kirchhoff's theory in the vibration of the sandwich plate.
According to the free vibration analysis, based on the
findings above, we conclude that:

The impact of filling foam is effective.

The modules of elasticity increased with the addition,
using micro spherical powder foam in the vacant spherical
gaps of the foam core.

The sandwich plate's free vibration and static behavior
can be improved by reducing the natural frequency.

Increasing proceed in two ways, first by using micro
spherical powder with the befit of composite state and
second by increasing the density of PU foam.

One assumption the solution is built on; the modules
of elasticity are the same in the x & y direction; a
hypothesis becomes a fact.

In comparison to other cores, the core foam-aluminum
sandwich plate deflects less.

Hussam Raad — MSc (Applied Mechanics);
Muhannad Al-Waily — Ph.D (Applied Mechanics);
Emad Kadum Njim — Ph.D (Applied Mechanics).
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X. Paaxg, M. Anp-Beiim, E.K. Hmpxim

BinbHuii BiOpaniiHuii aHa/Ii3 CeHABIY-IUIACTHH 3 NMiHU, 3MIIITHEHOT
MIKPOPO3MipHMM aJIIOMiHIEBUM MOPOIIKOM

Kagheopa mexaniunoi indgicenepii, inocenepruti paxyiomem, Yuisepcumem Kygu, Ipax, muhanedl.alwaeli@uokufa.edu.iq

Jeporcasna komnanis 2ymoeoi ma wiunnoi npomucrosocmi Minicmepcmea npomucnogocmi ma minepanie Ipaxy, Ipax

VY cTarTi HAaBEICHO aHATITUYHE JOCIIKCHHS IMOBEIHKH BUTLHOI BiOpaIlil CeHIBIY-TUIACTHH 3 TTiHHU, 3MIITHEHOT
aMOMiHiEBUM MikpochepudauM mopomikoM. CeHIBIY-IUIACTHHA 3 MIHOMONIypeTaHy pO3MillleHa MDK JBOMa
ATIOMIHIEBUMH IUIOMWHAMH. [{J151 00UHCIIEHHS BIIACHOT 4aCTOTH BUKOpHCTaHO Teopiro Kipxroda ms BibpariitHoro
pIBHSIHHSL CeHIBIY-TUIACTUHM. KOMNO3WTHI pPIBHSHHS MIiKPOYaCTHHOK JO3BOJIMJIM OLIHUTH XapaKTEePUCTHKH
JKOPCTKOCTI MHOATIOMiHIEBOT OCHOBH. Pe3ynbTaTi mokas3anu e eKTHBHHI BIUTUB HAITOBHIOBAIBLHOI MTIHH; 3T1HO i3
aHami3oM BiNbHOI BiOpamii, BiIbHY BiOpaIlifo Ta CTaTHYHY IOBEIIHKY CCHABIY-IUINT MO)KHA IOKpAIIUTH 32
JIOTIOMOT'0I0  BUKOPHCTaHHSI MiKpOC()EpUUHOI MOPOLIKOMOAIOHOT MiHM Yy BIIBHUX CHEPHYHHX MOPOKHUHAX
0a30BOrO CIIIHEHOTO siipa. Y MOPIBHAHHI 3 IHIIUMH SAPaMH, CEHABIY-TIIIACTHHA 3 MiHOATIOMIHIIO MPOTHHAETHCA
MEHIIIE.

KurouoBi cioBa: ceHABIY-IUIACTHHH, AaHANITUYHUA PO3B’S30K; BUIbHA BiOpalis; MiHOMOJIypeTaH;
QIIOMiHI€BHI TOPOIIIOK.
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