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Abstract

Composite structures based on magnetorheological elastomers are widely used in many industrial sectors, such as the auto-
motive, naval, railway, aeronautical, aerospace, and building industries because of their adjustable mechanical properties
by an external stimulus. In this work, the experimental tests and the numerical simulation carried out have shown that the
use of these new structures, developed from a honeycomb core and a MRE core with aluminum skins, makes it possible to
improve in a particular way the overall rigidity and to reduce the vibration amplitudes. The results showed that these new
hybrid structures have a very good mechanical resistance due mainly to the honeycomb core and a very good shock absorber
due mainly to the core of the magnetorheological elastomer. The elaborated composite structure is intended to be used in
industrial sectors subject to great efforts and a high amplitude of vibration such as helicopter wings and air turbines.

Keywords Hybrid sandwich structures - Magnetorheological elastomer - Honeycomb - 3-point bending - Mechanical
strength - Damping

List of symbols E; Young’s modulus of skin

MRE Magnetorheological Elastomer Evire Young’s modulus of magnetorheological
ERV Representative Elementary Volume elastomer

CIP Carbonyl Iron Powdered Pn Honeycomb density

FNN Feedforward Neural Network Py Skin density

MAE Magneto-Active Elastomers PMRE Magnetorheological elastomer density
FRP Fiber-Reinforced Polymer v, Poisson’s ratio of honeycomb

CNT Carbon NanoTubes 2 Poisson’s ratio of skin

MWCNT Multi-Walled Carbon NanoTubes VMRE Poisson’s ratio of magnetorheological
FMH Fiber-Metal Hybrid elastomer

FGPE - MRE Functionally Graded Piezoelectric layers- Ui Internal strain energy

Magneto-Rheological Elastomer u;, Displacement along the x-axis of a vertical
0 Cell angle wall
¢ Cell diameter Vv, Displacement along the y-axis of a vertical
h Wall thickness wall
t,t/ Vertical and inclined wall thickness u, Displacement along the x-axis of an
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E, Young’s modulus of honeycomb v Displacement along the y-axis of an
inclined wall
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€y Deformation along the x-axis of an
inclined wall

Yayh Angular deformation of an inclined wall

Yyt Angular deformation of an inclined wall

1 Introduction

To improve the performance of the mechanical behavior of
structures, engineers make several efforts to design struc-
tures with good rigidity, high mechanical strength, high
damping and great lightness. Sandwich structures made of
composite materials respond well to certain requirements
but still remain insufficient. Today, there is a class of so-
called smart magnetorheological elastomer (MRE) compos-
ite materials that perfectly meet these requirements. Most of
the existing works in this field are dedicated to the develop-
ment and analysis of the mechanical behavior of the MRE,
we cite among others the following works, Janbaz et al. [1].
In the latter, the authors have developed a mathematical
model to determine the elastomer constants of a magneto-
hyper-viscoelastic constitutive model, this model is based
on uniaxial compression tests, and on impact resistance tests
in the presence and in the absence of a magnetic field. The
results showed that the constitutive properties of MRE
strongly depend on the frequency, amplitude, duration of the
applied stress and magnetic field. Dargahi et al. [2] were
based on the study of the static and dynamic properties of
magnetorheological elastomers as a function of the magnetic
field density; the results revealed a 1672% increase in the
storage modulus of the MRE when subjected to a magnetic
field of 450 mT, which shows the potential of the new MRE
to control vibrations and noises in various technical applica-
tions. Bernat et al. [3] discussed the current new trends of
MRE applications in the field of advanced automation sys-
tems and robotic systems. The study done by Khairi et al.
[4] examined the effect of silicone oil plasticizers on the
magnetorheological materials properties. It showed that the
incorporation of silicone oil reduces the rigidity and
increases the response to magnetic field. Moreover, the study
also showed that the introduction of CoFe204 improves
magnetic properties, hardness and storage modulus. Bhaktha
et al. [5] experimentally studied the viscoelastic properties
of MRE in sandwich beam configuration using the ASTM
E756-05 standard. Their studies depend on the percentage
change in CIP and magnetic flux density. The obtained
results show that the increase in the latter causes an increase
in the shear modulus and the loss factor and that the mag-
netic attraction causes a phenomenon of static deflection,
which leads to a decrease in the natural frequencies of the
structure. Keshav et al. [6] focused their work on optimizing
the geometry of the magnetic circuit by maximizing the
magnetic flux density in the MRE region. To do this, a
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prediction neural network (FNN) was used to analyze the
distribution of the magnetic field according to different geo-
metric dimensions of the magnetic circuit, the results of the
proposed model showed that the distribution of the magnetic
field is predicted at about 30-50%, which is considered
approximate for a real-time application. Moreno-Mateos
et al. [7] have developed a new solution based on hybrid
magnetorheological elastomers. They used a mixture of soft
and hard magnetic particles to improve the performance of
magnetorheological elastomers, which can be used to design
flexible and versatile actuators. A simulation of bimorph
beam shows how these hybrid MRE can improve mechanical
flexibility and stiffness as a function of the magnetic field.
Makarova et al. [8] investigated the possibility of creating
an effective retinal fixative using magneto-active elastomers
(MAE) and permanent magnet systems. The results of the
study show that it is possible to use MAE as part of a mag-
netic fixator to treat complicated retinal detachments. Saxena
et al. [9] in their work, they present a theory to model mag-
neto-viscoelastic nonlinear deformations. The dissipation
mechanisms have been taken into account by decomposing
the strain gradient and the magnetic induction into elastic
and viscous parts. In their work, Wang et al. [10] studied the
mechanical properties of magnetorheological elastomers
with an angle of inclination in compression mode, as well as
the dynamic mechanical properties under different strain
amplitudes and frequencies. The experimental results
showed that the magnetically induced stress range decreases
when the magnetic chain inclination angle increases, and the
magnetically induced modulus decreases when the magnetic
chain inclination angle is larger. Nedjar et al. [11] presented
an experimental analysis of the magnetorheological behavior
of elastomeric composites under dynamic loading. The elas-
tomer is 40% infilled with ferromagnetic particles. The char-
acterization of the rheological properties has been performed
and the relationship between the ferromagnetic particles
percentage weight and the applied magnetic field has been
studied. The results found show that this composite has a
high energy dissipation, further accentuated by the structure
and the magnetic field. Some works have been done on MRE
structures, and very little works are done on MRE-honey-
comb structures, among these works are the following,
Felipe de Souza Eloy et al. [12], in their work, they com-
bined composite materials with an MRE core. They demon-
strated that this combination of composite materials, honey-
comb core and MRE is an excellent method to reduce
vibrations, because it allows changing the modal parameters
of the structure without affecting its mass. Wang et al. [13]
evaluated the mechanical performance of MRE sandwich
plates with four types of different panel materials, namely
fiber-reinforced polymer (FRP), fiber-reinforced polymer
with carbon nanotubes (CNT-FRP), metal and fiber-metal
hybrid (FMH) panels. A theoretical model has been
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proposed. This model will make it possible to determine the
static rigidity, the dynamic rigidity, and the damping. The
results found showed that the four types of structures possess
excellent passive damping and stiffness properties, even
without the application of an internal magnetic field. Selva-
raj et al. [14] performed a dynamic analysis to evaluate the
natural frequencies and damping ratios of laminated com-
posite sandwich beams with a magnetorheological elastomer
core reinforced with multi-walled carbon nanotubes
(MWCNT-MRE) under different magnetic fields and bound-
ary conditions. The experimental and numerical results show
that the incorporation of CNT in the MRE gives high stiff-
ness and also improves the damping characteristics of the
structure. Liu et al. [15] propose a modeling method by the
feedback control law. This modeling aims to show the com-
pressibility and characterize the failure of the active—passive
damping of the magnetorheological elastomer core of the
piezoelectric sandwich plate (FGPE-MRE). Dai et al. [16]
exploited the point interpolation method to evaluate the
vibrations of a conical sandwich panel with a magnetorheo-
logical elastomer or electrorheological elastomer core and
sheets made of composite materials. The results of their
study showed that several factors such as the number of sur-
face layers, the thickness, the pattern of the composite lay-
ers, the weight fraction and the electric/magnetic field, as
well as the geometry of the conical panel, have a significant
impact on the natural frequency of the system as well as on
the loss factor. Gou et al. [17] performed a numerical simu-
lation to study the stochastic dynamic behavior of a magne-
torheological elastomer sandwich plate. The study showed
that the magnetorheological elastomer sandwich plate has a
nonlinear dynamic behavior, including stochastic bifurca-
tions. Rokn-Abadi et al. [18] studied the effects of using
magnetorheological materials on the stability of a sandwich
beam. They showed that the stability of the beam is affected
differently depending on the thickness of the central layer as
well as the edge conditions. The increase in the intensity of
the magnetic field having a strong effect on short lengths for
simply supported beams, on the other hand, the intensity of
the magnetic field having a strong effect on long lengths for
cantilever beams. Rajpal et al. [19] proposed a new tech-
nique to integrate a magnetorheological elastomer in passive
systems. This technique shows that smart materials can be
integrated without using adhesive products. The results of
the experiment showed that the MRE sandwich beams per-
form better in isolating vibrations at the first natural fre-
quency or at lower frequencies. Houshangi et al. [20] ana-
lyzed the characteristics of a conical sandwich shell with an
MRE core. They evaluated their potential in aeronautical
applications. The results showed that the magnetic field den-
sity can impact the critical speed, and the use of MRE cores
of different thicknesses can also affect the critical speed of
these sandwich shells. Li et al. [21] proposed a model to

better describe the nonlinear phenomena that occur in the
MRE structure when subjected to complex excitation loads.
Tests were performed on the MRE structures to study the
impact of vibrational excitation energy and the effect of the
magnetic field on the nonlinear vibrational characteristics.
Experimental results show the reliability of the developed
model to predict and evaluate nonlinear dynamic parameters
on smart sandwich structures. Kobzili et al. [22] experimen-
tally and numerically studied the effect of an off-axis mag-
netorheological elastomer of anisotropy on the static and
vibratory behavior of a sandwich plate. The results obtained
by the two methods are compared. These new structures
could open up opportunities in various fields of aeronautics,
aerospace, mechanics and civil engineering. Li et al. [23]
studied analytically and numerically the skin effect in the
case of the bending of sandwich plates, in which the two
skins are much more rigid than the honeycomb core. An
analytic homogenization method, using series of trigono-
metric functions, has been proposed to study the influence
of the of the honeycomb height on the elastic properties, and
the upper and lower bounds of the equivalent elastic moduli.
Arani et al. [24] have made an analysis of the instability of
MRE sandwich plates with axial displacement. A mathemat-
ical modeling of the plate is carried out using the first-order
shear deformation theory (FSDT). The study investigates the
effects of different parameters on plate instability, such as
magnetic field intensity, MR core thickness, particle mass
fraction, and boundary conditions and geometric parameters
of the plate. The objective is to determine the critical speed
at which instability occurs in the plate. The experimental
tests carried out by Eloy et al. [25] have shown that the use
of an MRE-filled honeycomb core material with carbon
fiber/epoxy skins, combined with the application of a mag-
netic field, can reduce the natural first frequency of the sand-
wich beam, which contributes to the suppression of vibra-
tions. In addition, an increase in magnetic field intensity
resulted in a proportional reduction in vibration amplitude.
This approach offers the possibility of modifying the modal
parameters of the structure without requiring major modifi-
cations of the mass, the geometry or the material of the
structure. Fadaee et al. [26] investigated the effects of rota-
tional speed and carbon nanotube reinforcements on the
vibration suppression ability of a carbon nanotube-rein-
forced composite sandwich beam with a magnetorheological
core layer. Hamilton’s principle and the quadratic difference
method (DQM) were used to solve the equations of motion.
The results obtained showed an increase in the angular
velocity, in particular for values greater than 400 rpm, the
latter leading to an increase in the natural frequencies and a
reduction in the loss factors. Bastola et al. [27] have made a
synthesis and a comprehensive overview of the magneto-
mechanical characterizations of MRE as well as a brief cov-
erage of MRE materials and their fabrication methods.
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Moreno-Mateos et al. [28] presented an alternative solu-
tion based on hard magnetic MRE to provide stiffening
responses that can be maintained over time without the need
to maintain the external magnetic field enabled by manufac-
turing novel extremely soft hard magnetic MRE (stiffness of
the order of 1 kPa). Bastola et al. [29] have provided a com-
plete picture on magnetoactive soft materials (MSMs). They
showed fabrication processes, programming and actuation
techniques, behaviors, experimental characterizations, and
device-related achievements with current state of the art and
future perspectives. Lucarini et al. [30] gave an overview of
the state of the art of magneto-active polymers (MAPs), they
presented current methods of synthesis, experimental char-
acterization, different computational modeling approaches
across scales, and a detailed presentation of their current
potential applications. Due to recent advances in the design
and development of magneto-/electro-responsive polymers
(MERPs), Yarali et al. [31] highlighted in this review article
current advances in manufacturing of MERPs using vari-
ous manufacturing methods including 3D/4D printing and
conventional techniques. They also summarized the methods
used for the characterization of MERPs and discussed their
important structure—property relationship. Hou et al. [32]
modeled the damping and vibrations in sectoral and annular
plates made of magnetorheological elastomer (MRE) rein-
forced with glass fibers. The viscoelastic properties of the
MRE are described using Maxwell’s generalized constitu-
tive law. The effective mechanical properties of the MRE
composite (MREC) are determined using a modified version
of Voigt’s micromechanical rule and Halpin—Tsai’s rule. To
define the displacement field of the plate, a higher order
hyperbolic shear deformation approach is used, and the
quadrature approach (GDQ) is exploited. The effects of the
composite and the geometry and properties of the structure
on the natural frequencies and the modal loss factors of the
structure were examined.

The work done by Navazi et al. [33] is focused on the
study of the dynamic characteristics of a rotating MRE in a
sandwich beam with double taper ratio. The dynamic mod-
eling of the conical beam in rotation is carried out and is
made by the energy method. The results indicate that the
magnetic field, the width of the beam, the rotational speed
and the tuning angle adjusted and increased the natural fre-
quency of the system. Li et al. [34] proposed a nonlinear
analytical model to study the effect of the magnetic field
temperature on the vibration behavior of a composite plate
made of MRE. The results obtained showed that by the
application of an internal magnetic field the capacity of the
structure for the suppression of vibrations was improved sig-
nificantly, of the order of 42% to 65%.

The modal analysis of a sandwich composite plate with
a honeycomb core was studied by Kumar et al. [35] The
sandwich composite plate is modeled using the Ansys APDL
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software. To characterize the efficiency of the sandwich
composite plates with honeycomb core, several parametric
investigations were carried out to determine the values of
the eigenfrequencies and the mode shapes of the composite
sandwich plates using the block Lanczos scheme. The results
suggest that the thickness of the face sheet and the material
of the core have an impact on the values of the natural fre-
quencies and the mode shapes of the sandwich composite
plates. Sakar et al. [36] in this study free vibration analysis
of aluminum honeycomb sandwich structures were carried
out experimentally and numerically. The natural frequen-
cies and mode shapes of sandwich structures fabricated with
different configurations for clamped-free boundary condi-
tion were determined. The effects of lower and upper face
sheet thickness, the core material thickness, cell diameter,
cell angle and foil thickness on the vibration characteristics
were examined. Tourab et al. [37] experimentally studied
the thermal effect of the magneto-mechanical behavior of
elastomer; the latter is infilled with 25% of ferromagnetic
particles of micrometric size; developed under the action
of a magnetic field. The characterization of the rheologi-
cal properties and the interaction between the micron size
ferromagnetic particles as a function of the intensity of the
magnetic field has been studied under the effect of different
temperatures. Nayak et al. [38] studied the dynamic stability
of a rotating three layered symmetric sandwich beam with
a magnetorheological elastomer (MRE) core and conduc-
tive skins subjected to axial periodic loads using the finite
element method (FEM). The instability regions of the sand-
wich beam for the principal parametric resonance case were
determined using the harmonic balance method. The effects
of applied magnetic field, rotation speed, setting angle, hub
radius, static load and dynamic load on the dynamic charac-
teristics and instability regions of the sandwich beam were
investigated.

In this work, experimental analysis and numerical sim-
ulation, of the behavior of hybrid sandwich structures in
magnetorheological elastomer honeycomb in bending, were
made in order to improve the mechanical resistance and the
damping simultaneously.

2 Analytical homogenization model
of the bending honeycomb

For a honeycomb core stressed in bending (Fig. 1, 1/8 VER
of the honeycomb), the right side (BDFH) is in compression,
the left side (ACEG) is on the middle surface of the core
and therefore is not subject to any tension or compression.
In addition to the displacements imposed by the skins, there
are additional displacements (indicated by the dotted lines
in Fig. 1) due to stress redistribution.
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Fig. 1 Additional displacements due to redistribution of bending
stresses

In practice, the height of the honeycomb core is neither
very small nor very large. The increase in height has a great
influence on the redistribution of the stresses between the

By including the basic deformation imposed by the skins
€y = —kyx, the deformations in the local coordinate system
xy can be defined as follows:
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2.2 Fields of additional displacements and strains
on the inclined wall

On the inclined wall, the field of additional displacements
and the field of deformations are defined in the local coor-
dinate system in the following way (u; and ¢ ; are the same
as those in the vertical wall) [23]:

2
walls of the honeycomb inducing a notable reduction in the  u; = a, %x +a, % ©6)
elastic moduli.
N N
——31n922ak51n—+c s—(m 2in=2j—1Lk=(G{—-1N+j+2) @)

i=1 j=1

2.1 Fields of additional displacements and strains
on the vertical wall

The field of additional displacements due to the redistri-

ou 2 8x
+ az ﬁ (8)

Ugp = 5=

=a;—-
ox b

v,
bution of the following stresses is proposed to satisfy the &, =&+ — 5, = K +sinf Z Z UG 7 sin 22X 4 sin Ty
boundary conditions [23]. Y =1 j= ©

2x 4x?
u,=a,— +a,— (1) ou mrx mry
b b? yxylz al _—s1n922ak700s—+ T
y i=1 j=1
(10)
N N
mr.

= MEX + cos —= 2iin=2—1,k=@G—-1DN+j+2 (2)

v ZZaksm ) cs (m i,n=72j i-1 j+2)

1l
—_
~.
Il
—_

@ Springer



538 Page60f19

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:538

N
%W(al +ay) = 2t = 1rsin0) 3

i=1
tih+t,1 4

/

MZIMz

1
m
N
2

1j=1

1
(tl—t2s1 0), -

= (llKY 1k sin 0) b cos ==

mmx
1—0057) a =

cos —ak = Zh(tlhKY + l2lK'1)

(tl —t281n0)[ <1 —cos—) 2a2cos—] + %[(

The above equations give:

% (tlhKy + tlez)

(14)

sin 0>n + 22 (t,h + tylsin* @)m ] a;

b
h 2b?

The internal strain energy in the 1/8 REV of the honey-
comb is then calculated by:
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The unknown parameters a,, a, and @, can be obtained
by solving the above system numerically. We can also obtain
a,, a, and g, in Eq. (14) semi-analytically (see Appendix).

The strain energy of the top and bottom skins of the MRE
composite sandwich plates can be expressed as follows [37]:
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Fig.2 Representative elemen-
tary volume and geometry of a
honeycomb

Table 1 Geometric parameters

b h t / 0
and mechanical properties of $(mm) a(mm) (mm) (mm) (mm 7 (mm)
the honeycomb cell material 6.35 3.66 3.66 5 1 2 30°
pn(Kg/m?) E,(MPa) v,
2800 72,000 0,33

Fig. 3 a Ingredients of the elas-
tomer, b prepared elastomer

Table 2 Constituents of the magnetorheological elastomer

Myyie de silicone (&) Mgry(a) (8) Mgryg) () mg(8)

1.064 g 1.0385 g 0.104 7.559

The strain energy of the elastomeric core is given as
follows

Fig.4 Lower part of the mold

a b
2
U, = @//Gz(uin)(a—w) dxdy 17)
) ox
0 0
1

The total strain energy of the sandwich plate (U) can be
expressed as follows
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Fig.5 Elastomer injected into
the mold

d) Mold filled by elastomer paste

Fig.6 Aluminum top skin

Fig.7 Device for crosslinking
the elastomer infilled with 30%
iron particles

Fig. 8 Magnetorheological
elastomer (MRE) beam

Fig. 9 Honeycomb cells

h) Honeycomb cell

U=U, 3+ U,y + Upgpey (18) where D; = D = EI (i = 1, 3) is the bending stiffness of the
skins, w is the transverse displacement of the plate, G, and
1—y h, are, respectively, the shear modulus and the thickness of

D, =D, =D,D, =vD,Dg; = ( )D the elastomer, respectively.
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Fig. 10 Technique for
manufacturing a hybrid MRE-
Honeycomb beam (one layer of
honeycomb)

Fig. 11 Fabrication technique
of a hybrid MRE-honeycomb
beam (two layers of honey-
comb)

3 Experimental study
3.1 Elaboration and geometry of honeycomb

The chosen honeycomb geometry is based on regular hex-
agonal cells Fig. 2.

The geometric parameters and mechanical properties of
the aluminum honeycomb cell are presented in Table 1.

3.2 Fabrication of the magnetorheological
elastomer and sandwich hybrid beam

The elastomer and the magnetorheological sandwich hybrid
Fig. 12 Three-point bending test beam are prepared according to the following steps.

Fig. 13 3-point bending of four 600 -
elaborated specimens

= MRE
=== Honeycomb
=== MRE-Honeycomb

500
=== MRE-Honeycomb-MRE

400

300

Force (N)

200

100

0 I I | I I |
0 10 20 30 40 50 60

Deflection (mm)
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Fig. 14 Three-point bending of structure modeled by Abaqus and boundary conditions

1. The s silicone oil and the RTV141A polymer (Fig. 3) were  Table3 Properties of the aluminum skins
manually mixed in a container for 10 min to obtain a
well-homogenized elastomer gel.

2. A quantity of this gel obtained by silicone and RTVI41A 2800 72,000 033 1 200 30
is mixed for 30 min with a quantity of iron particles until
a homogeneous paste is obtained. By this process, an
elastomer infilled with 30% ferromagnetic particles is  Table4 Properties of the MRE
produced (Fig. 3). @ @ @ In our work, we have cho-
sen an ideal percentage of filling of 30%, to obtain the
best properties of the MRE. The complex modulus and 1100 1.7 045 2 200 30
loss factor of MRE are determined under a magnetic
field intensity of 0.1 T. The experimental results show
that the complex modulus of the MRE increases with
the increase in the magnetic field intensity which will
directly influence the rigidity of the plates elaborated in
MRE. The constituents in mass fraction of the elastomer
produced are given in Table 2.

3. A mold (lower aluminum skin + rubber gasket) of the
shape of the beam was made (Fig. 4).

4. The elastomer paste obtained previously (Fig. 3) was 1 >
injected into a rectangular mold, of 30 cm long, 3 cm = 5
ngth and 2 mm thickg(Fig. 4). This step, represfnted in a) Mesh element C3DSR b) Mesh element SSR
Fig. 5, represents the first part of the beam.

5. An upper aluminum skin given in Fig. 6 is glued to the ~ Fig. 15 Types of mesh elements used
mold filled with the elastomer paste (Fig. 5).

6. By this process, a beam formed of two aluminum skins

p(Kg/m?)  EMPa) v, h(mm)  L(mm) b (mm)

PMRE(Kg/ m3) Eyre(MPa) vyre Aypp(mm)  Lygp(mm)  bypz(mm)

and an elastomer core infilled with 30% ferromagnetic And by the same process, we can obtain a hybrid MRE-
particles is produced. The latter is subjected to a mag-  honeycomb beam with two layers of honeycomb (Fig. 11).
netic field as shown in Fig. 7. Figure 2 Fabrication technique used for the development
7. After this last step, we have manufactured a magnetor-  of the MRE-honeycomb hybrid structure.
heological elastomer beam (Fig. 8). The hybrid sandwich beams developed previously (Fig. 2)
8. The honeycomb cells given in Fig. 9 are glued on the  are characterized by the three-point bending test. This test is
upper or lower skin of the MRE beam (Fig. 9). carried out on Instron 8561 universal testing machine equipped
9. Two MRE elastomer beams are glued on either side of ~ with a 10 kN sensor. The feed rate is 2 mm/min. Data acquisi-
a layer of honeycomb cells to form a hybrid MRE-hon- tion is performed using software that give displacement as a
eycomb beam with one honeycomb layer (Fig. 10). function of force. Figure 12 represents the three-point bending
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Fig. 16 Different beams, (a)
MRE (b) honeycomb (¢) MRE-
honeycomb (d) MRE-honey-
comb-MRE

a)

Fig. 17 Mesh convergence 20 _

Maximum deflection (mm)
=
T

=== MRE - Element C3D8R
== Skin - Element C3D8R

=== Honeycomb - Element S8R

test. The ASTM D7249 and ASTM D7250 standards provide
guidelines for the parameters to use for the test (Fig. 13).

Element size (mm)

3.3 Analysis and discussion

The results of this set of experimental tests are presented
in the form of force—deflection curves for each specimen

@ Springer
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Table5 Boundary conditions

Degree of freedom Essential Natural
Transverse wy Shear force
Rotation 0, Moment
Slip A Normal fore

Table 6 Boundary conditions in displacement and rotation

simple—simple boundary condition w=0

(Fig. 14).

Figure 14 shows the three-point bending test performed
for different engineered beams (Instron 8561 universal test-
ing machine). It is noted that the honeycomb specimen
reaches a rapid rupture with a deflection of 5.4 mm, as well
as this specimen supports a maximum force of 268 N. On
the other hand, the MRE specimen has a deflection value of
53.5 mm and will not reach its breaking point with a maxi-
mum supported force less than 100 N. It is also observed, for
the two hybrid specimens in magnetorheological elastomer
and honeycomb, that the breaking point increases with a
considerable increase in the maximum force applied espe-
cially for the case of the MRE-honeycomb-MRE specimen.
We have practically the same deflection (3.6 mm for the
MRE single layer beam and 3.25 mm for the MRE double

Fig. 18 Comparison between
the experimental and numerical 90
results of the specimen in MRE

80 -

70 -

50 -

Force (N)

30 -

20 -

10

layer beam) with a different maximum force (323.6 N for
the MRE single layer beam and 548.2 N for the MRE double
layer beam).

In conclusion of all the static tests carried out on the four
different types of elaborated specimens (Fig. 4), it is found
that the hybrid specimens are the most reliable in terms of
rigidity and damping and have a better mechanical resistance
due to the layer of honeycomb structure and good fracture
toughness due to the MRE layer (strength until the MRE
layer breaks).

4 Numerical simulation

To evaluate the accuracy and efficiency of our finite element
model, we perform three types of calculation: (1) modeling
of the honeycomb core by Abaqus shell elements with a
very fine mesh to describe the complex geometry of the
honeycomb; (2) modeling of the MRE by solid elements
of Abaqus with viscoelastic material properties; and (3)
modeling of the skins by solid elements of Abaqus with the
elastic solid properties.

To validate the results of our simulation, we consider the
same material and geometric data of MRE, honeycomb and
skins used in the experimental part.

The mechanical characteristics of the magnetorheologi-
cal elastomer were measured experimentally in the Con-
densed Matter Physics Laboratory of the University of Cote
d’Azur—France.

MRE

== Simulation

=== Experimental

@ Springer
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Fig. 19 Comparison between Honeycomb
the experimental and numeri- 300 -
cal results of the honeycomb
specimen 1
250 \\
200
z
S 150 -
S
o
w
100 -
== Simulation
50 |- == Experimental
0 1 | | | | |
0 1 2 3 4 5 6

Fig.20 Comparison between

the experimental and numerical
results of the MRE-honeycomb
specimen 300

350 -

Force (N)
N N
8 8

-
a
o

-
(=3
o

50

Deflection (mm)

MRE - Honeycomb

=== Simulation

=== Experimental

The mechanical and geometric characteristics of the skins
are given in Tables 3 and 4.

The mechanical and geometric characteristics of the skins
are given in Table 3.

The mechanical and geometric characteristics of the hon-
eycomb are given in Table 1.

In the numerical part of this present work, we studied a
similar case with the experimental part, that is to say we
studied the case of a three-point bending of a beam resting
on two simple supports (UX=UY=UZ=URY=URZ=0)
and subjected to a load in the middle (Fig. 15).

To model the bending behavior of the various beams
studied, a second-order C3D8R 3D solid element is used
to discretize the skin and the core in MRE (Fig. 15). A

10 15 20 25 30
Deflection (mm)

first-order S8R shell element is used to discretize the hon-
eycomb part (Fig. 15).

The various simulated beams and their mesh are given
in Fig. 16a—d.

The evolution of the maximum deflection according to the
mesh size is shown in Fig. 17. The results of the successive
calculations are converged with a mesh size of 0.2 mm in
length of the MRE and the aluminum skin. Convergence is
obtained with a mesh size of 0.4 mm honeycomb length. We
also note that the sensitivity study highlights the increase in
the maximum deflection with the decrease in the size of the
elements. We can then say that the deflection has converged
in the case of the MRE and the aluminum skin for an ele-
ment value of 0.2x0.2x0.2 m? and is converged in the case
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Fig.21 Comparison between
the experimental and numerical 600
results of the MRE-honeycomb-

MRE specimen
500

400 -

300

Force (N)

200

100

MRE - Honeycomb - MRE

mmmm Simulation

=mmm Exprimental

1 1 L 1 L |

15 20 25 30 35 40
Deflection (mm)

Table 7 Comparison between

. . Beam Maximum applied force (N) Deflection (mm)

experimental and numerical

results in terms of maximum Experimental numerical A% Experimental numerical A%

applied force and deflection
MRE 87 89 2.3 31.47 30.40 3.5
Honeycomb 274 279 1.8 03.56 3.65 2.5
MRE-Hony 323 334 34 03.80 03.73 1.9
MRE-Hony-MRE 548 546 0.4 03.17 03.21 1.6

Bold means the difference between experimental and numerical results

of honeycomb for an element value of 0.4 x0.4 m?, these
element sizes will be used in our work.

The essential, natural boundary conditions and the dis-
placement and rotation boundary conditions are summarized
in Tables 5 and 6.

4.1 Interpretation and validation of results

The finite element numerical analysis of the static behavior
in three-point bending of the MRE-honeycomb hybrid sand-
wich beams (Fig. 15) was carried out by simulation using the
Abaqus calculation code. Each simulation studied was the
subject of several tests of 3 to 5 per specimen. The results
in the form of transverse force—deflection curves are sum-
marized in Figs. 18, 19, 20 and 21 for each beam model.
Figure 11 presents the results of the three-point bending
test carried out on the MRE beam (Fig. 15). It can be seen
that this structure has a very high rupture limit of more than
60 mm with a weak maximum applied force of 89 N. Thus,
it can be noted that the difference between the two values of
the experimental and numerical deflection, for the maximum
applied forces of 87 and 89 N, is 3.5% (Table 7). According
to Boczkowska et al. [39], MREs are promising, novel mate-
rials for a wide range of potential applications. The stiffness

@ Springer

of MRE:s can be increased under an applied magnetic field.
Magnetorheological elastomers are used to improve the stiff-
ness and damping of mechanical structures [40].

Figure 12 presents the three-point bending test results
performed on the honeycomb beam (Fig. 16). It is
observed that this structure has a very short breaking point
less than 5.5 mm with a high maximum applied force of
279 N. It can be observed that the difference between the
two values of the experimental and numerical deflection,
for the maximum applied forces of 279 N. and 274 N, is
2.5% (Table 7). Cell cores offer improvements in bending
stiffness capabilities [41]. It can be seen similar results to
Fig. 12 in some correlated works, such as Xiao et al. [42],
Li et al. [43] and Fu and Sadeghian [44].

Figure 19 presents the three-point bending test results
performed on the single-layer MRE-honeycomb beam
(Fig. 16). It is noted that this structure has a very high rup-
ture limit more than 27 mm with a high maximum applied
force of 334 N. The difference between the two values of
the experimental and numerical deflection, for the maxi-
mum applied forces of 334 and 323 N, is 1.9% (Table 7).

Figure 15 presents the three-point bending test results
performed on the double-layer MRE-honeycomb beam
(Fig. 16). It is noted that this structure has a very high
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Fig. 22 Mode of deformation of
different specimens: (a) MRE, U, Mign(il%’eim . . )
(b) honeycomb, (¢) MRE-hon- l 27870401 Maximum applied force =89N
eycomb, (d) MRE-honeycomb- L 15280e+01
MRE — +2.027e+01
+1.773e+01
E +1.520e+01
+1.267e+01

+1.013e+01

+7.600e+00
+5.067e+00
+2.533e+00

U, Magnitude
l +3.664e+00 Maximum applied force =279N

+3.349¢+00
+3.045e+00

F 42.740e+00
— +2.436e+00
-~ +2.131e+00

- +1.827e+00
+1.522e+00
= +1.218e+00
+9.136e-01

- +6.090e-01
+3.045e-01
+0.000e+00

U, Magnitude

+3.729e+00
+3.418e+00
+3.107e+00
- +2.796e+00
+2.486e+00
+2.175e+00
+1.864e+00
+1.554e+00
+1.243e+00
+9.322e-01
+6.214e-01
+3.107e-01
+0.000e+00

Maximum applied force =334N

U, Magnitude

+3.209e+00
l +2.941e+00

+2.674e+00
1 4+2.406e+00
- +2.139e+00

. +1.872e+00
}: +1.604e+00

Maximum applied force =546N

+1.337e+00
= +1.070e+00
| +8.021e-01
+5.348e-01
+2.674e-01
+0.000e+00

Fig. 23 Stress—strain variation 14 - mmm MRE Beam
of different cases = Honeycom Beam

=
N
T

=== VIRE-Honey Beam
wmmm MRE-Honey-MRE Beam

-
o

o

Stress (MPa)

| | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Strain
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Fig. 24 Modes of deformations

for different cases S, Mises

(Avg: 75%)
+6.156e+00
. +5.645e+00

+2.584e+00

+1.563e+00
+1.053e+00
+5.430e-01
+3.276e-02

L +3.604e+00
E +3.094e+00

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+8.605e+00
. +7.888e+00
+7.171e+00
+6.454e+00
+5.737e+00
b +5.020e+00
t +4.303e+00
+3.586e+00
I +2.869e+00
+2.152e+00
+1.435e+00
+7.184e-01
+1.382e-03

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+9.459e+00
. +8.671e+00
+7.883e+00
= +7.096e+00
i +6.308e+00
— +5.521e+00
+4.733e+00
+3.946e+00
+3.158e+00
+2.371e+00
+1.583e+00
+7.954e-01
+7.855e-03

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+1.233e+01
. +1.131e+01
+1.028e+01
+9.252e+00
+8.224e+00
+7.197e+00
+6.169e+00
+5.142e+00
+4.115e+00
+3.087e+00
+2.060e+00
+1.033e+00
+5.117e-03

RN

breaking limit of more than 33 mm with a very high maxi-
mum applied force of 546 N. The difference between the
two values of the experimental and numerical deflection,
for the maximum applied forces of 546 and 548 N, is 1.6%
(Table 7).

It is interesting to note that the stiffness and the damp-
ing are very important in the case of the MRE-honeycomb
beam (Figs. 20 and 21). We also note that the transverse
deflection of different specimens as a function of the
applied force is very important in the case of beams hav-
ing a layer of magnetorheological elastomer (Figs. 18, 19,
21). We can quote a work carried out in this direction by

@ Springer
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a) MRE Beam

b) HoneycombBeam

. o

¢) MRE-Honeycomb Beam

.

d) MRE-Honeyvcomb-MRE Beam

iy

Felipe de Souza Eloydans et al. [25]. In this paper, free and
forced vibration tests conducted under several magnetic
field intensities were performed to evaluate dynamic prop-
erties of the sandwich beams with carbon/epoxy composite
skins and a honeycomb core filled with magnetorheologi-
cal elastomer (Fig. 22).

We observe a good agreement between the results
obtained by experimental analysis and the numerical results
obtained using Abaqus software.

We present in Fig. 16 the deformation of different speci-
mens subjected to different applied forces. It can be seen
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that the maximum deflection is located at the center for each
beam. The percentage difference between the experimental
and numerical results in terms of maximum applied force
and deflection is given in Table 7.

In the numerical part of this article, we studied the vari-
ation of the stresses according to the strains for each case of
beam. Figure 23 shows the curve of this variation in three-
point bending test simulated by the Abaqus software, a non-
linear behavior is observed in the case of beams having a
magnetorheological elastomer layer, this nonlinear behavior
of the elastomers is due to the effect of the magnetic field
[30] and it can also be linked to viscoelastic models of the
stress—strain function o(e) [45, 46]. On the other hand, the
honeycomb beam shows a linear behavior of an elastic solid
[47]. Therefore, the bending curve (Fig. 23) shows a consid-
erable nonlinear increase in stress as a function of strain for
the case of MRE-Honeycomb hybrid beams.

The results of the simulation and the deformation modes
are illustrated in Fig. 24.

5 Conclusion

This research work presents a study on the static behavior of
hybrid sandwich beams in honeycomb magnetorheological
elastomer. The objective is to identify the static behavior in
three-point bending of these new structures in smart com-
posite material. The study of the static behavior was made by
the two experimental and numerical methods using Abaqus
(finite elements software). The mechanical properties of the
beam are adjustable by applying a magnetic field intensity
of 0.14 T. The resistance of the specimen made of honey-
comb core and a layer of magnetorheological elastomer is
practically 6 times more rigid compared to the rigidity of the
specimen in MRE, with an improvement ratio of 600%; and
2 times stiffer compared to the resistance of the honeycomb
specimen; with a 200% improvement ratio. The specimens
developed with a honeycomb core and a layer of magnetor-
heological elastomer have a very high breaking limit; this
rupture only occurs after a deflection of 35 mm, i.e., with
an increase of 600% compared to the rupture limit of the
honeycomb specimen where the latter occurs at a deflection
of 5.5 mm. It is found that the elaborate specimens of hon-
eycomb core and a layer of magnetorheological elastomer
provide a great possibility to improve the damping capabili-
ties as well.

Appendix

The system of Eqgs. (14) is solved semi-analytically and the
unknowns of the problem are given as follows:

a AypB, —A;B,
1
ApAy —AyAp
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2
ApAy —AyAp
C, + Cya, + Ca,
a, D
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