
Research Article
Influence of Core Thickness and Boundary Condition on the
Modal Characteristics of Composite Structure with Metallic
Damping Core

Fuhao Peng, Yiwan Wu , Hongbai Bai, Yichuan Shao, and Zhiqiang Qin

Engineering Research Center for Metal Rubber, School of Mechanical Engineering and Automation, Fuzhou University,
Fuzhou 350116, China

Correspondence should be addressed to Yiwan Wu; wuyiwan@fzu.edu.cn

Received 1 January 2020; Revised 17 July 2020; Accepted 26 August 2020; Published 19 September 2020

Academic Editor: Nuno M. Maia

Copyright © 2020 Fuhao Peng et al. ,is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To reduce the vibration of the plate-like structure under different boundary conditions, an all-metal damping composite structure
was proposed, and its damping layer was entangled metallic wire material (EMWM). A series of quasi-static compression tests
were carried out to investigate the damping property of the EMWM layer. A modal test system was set up to evaluate whether the
EMWM could dissipate vibration energy. ,e evaluation results showed that the displacement deviation between the baseplate
and constraining plate of the structure was large enough and the EMWM could dissipate vibration energy in the form of friction.
,e modal characteristics of the composite structure with different core thicknesses under different boundary conditions were
researched in this paper by experimental modal tests. ,e outcomes showed that the damping ratio of the structure would be
significantly improved by adding EMWM and constraining plate. ,e larger the thickness of the core thickness is, the larger the
damping ratio and vibration reduction performance of the composite structure are. ,is paper provides a new technical way for
the damping design of high temperature plate structure.

1. Introduction

Vibration and noise are ubiquitous in the fields of aviation,
automobiles, ships, and buildings. ,ese vibrations and
noise will accelerate the fatigue damage of the structure,
shorten the service life of the equipment, affect the comfort
of the working and living environment, and even harm the
health of the human body. Research on reducing vibration
and noise by strengthening structural stiffness or improving
structural energy dissipation performance has been done by
many researchers.

Viscoelastic materials are widely used to mitigate the
vibration in the form of constrained layer dampers (CLD) or
free layer dampers (FLD). It has been proved that CLD is
more effective than FLD for a given added weight [1].
Polymer-based damping material is one of the effective
damping cores for reducing vibration [2]. Numerous re-
searches have been motivated to investigate the damping

mechanism and characteristics of sandwich structure with
different core materials [3–9].

Entangled metallic wire material (EMWM) is a porous
material with high damping properties. EMWM is made of
various entangled metallic wire helixes. ,e damping
mechanism of the EMWM is that when the EMWM is
excited by external vibration, the internal wire helixes will
slide, fractionate, and extrude, and then the vibration energy
will be dissipated and converted into frictional heat energy.
,e special manufacturing process makes the EMWM have
better special mechanical properties than other porous
materials, such as high damping, high elasticity, environ-
mental adaptability (high- and low-temperature resistant,
antiaging, and nonvolatile), and high sound absorption
coefficient. ,erefore, EMWM has been extensively inves-
tigated and applied [10–24].

Plate structure is a common structural shape. ,e
sandwich structure is a kind of plate structure that has been
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widely studied for its special physical and mechanical
properties (damping characteristic, piezoelectric character-
istic) [25, 26]. As shown in Figure 1, to reduce the vibration
of the baseplate, the baseplate is bound with a viscoelastic
material layer and a constraining layer by an adhesive. ,e
damping mechanism of this structure is shear energy dis-
sipation of the viscoelastic material layer.

,e mechanical and damping properties of the EMWM
are affected by many factors, such as geometry and density.
In previous researches, the EMWM are often processed into
cylinders, squares, and so forth to reduce the vibration of the
equipment. For vibration reduction of plate-like structure,
the EMWM should be processed into a plate and bonded/
mounted with the baseplate.

,ere have been many research results on the simula-
tion, calculation, and experimental analysis of sandwich
structure [27, 28]. However, studies of EMWM as damping
layer are very few in literature. Wu et al. and Xiao et al.
carried out studies on the application of plate-like EMWM
to reduce the vibration of bellows and pipelines [24, 29].
,eir results show that plate metal rubber has good damping
properties. ,erefore, this paper will explore the application
of plate metal rubber in the damping design of plate
structures. In the fields of industry, aviation, and navigation,
equipment base is used for supporting equipment and is
composed of several plates. ,e base is a key link of the
vibration transmission path from equipment to the foun-
dation/fuselage/hull. ,is paper will conduct the following
researches: first, the plates with different boundary condi-
tions will be decomposed from a simplified foundation, and
a new composite structure with EMWM core will be pro-
posed; second, a modal test system will be set up; third, the
damping mechanism of the new composite structure will be
investigated; fourth, the influence of core thickness and
boundary condition on modal characteristics of the com-
posite structure with EMWM layer will be researched.

Figure 2 shows the schematic diagram and physical
picture of an equipment base. ,e equipment base is made
up of several plates (a face plate, connection plates, web
plates, and brackets) welded in the form of seam welding.
,e degree of freedom of the welded edge of the plate is
limited, and the welded edge can be regarded as a fixed
connection. ,erefore, the base can be decomposed into
quadrilateral plates with different boundary conditions.
,ese boundary conditions can be summarized as C-C-C-C
(four ends clamped), C-C-C-F (three ends clamped), and
C-C-F-F (two ends clamped).

2. Entangled Metallic Wire Material

,e EMWM is made of 304 (06Cr19Ni10) stainless steel
wires. ,e manufacture of the EMWM is referring to [30].
,e diameter of the 304 wires is 0.3mm, the diameter of the
wire helix is 3.5mm, and the helix angle is 60°. ,e first
purpose of this paper is focused on the effect of core
thickness on the dynamic properties of the composite
structure, so three batches of EMWM layer with different
thicknesses (4mm, 6mm, and 8mm) are manufactured.

Each batch is composed of 5 specimens. Table 1 shows the
parameters of the EMWM specimens.

Figure 3 shows the manufactured EMWM specimen and
its SEM image. It can be seen from the SEM image that the
EMWM specimen can be divided into multisegment curved
beams in contact points. ,e pore structure inside of the
EMWM is determined by the contact points of those curved
beams. ,e mechanical properties of the EMWM are de-
termined by the mechanical properties and contact status of
these curved beams [16]. When the EMWM is subjected to
external loads, sliding friction will occur in the contact
points, thus dissipating vibration energy.

2.1. Composite Structure with EMWM Layer. ,e experi-
mental model proposed in this paper is shown in Figure 4,
which is similar to the common sandwich (Figure 1). But the
rivet/bolt is used to connect the damping layer and the
constraining plate. ,e EMWM damping layer is relatively
slidable between the baseplate and the constraining plate,
and the energy dissipation mechanism of the two structures
will be different. Figure 4 is the sketch of the composite
structure with EMWM layer. For reducing the vibration of
the baseplate, an EMWM layer and a constraining plate are
mounted with the baseplate by rivets or bolts. ,e pre-
compression of the EMWM layer is guaranteed by the limit
blocks.

When the EMWM is deformed in the micron scale, the
internal wire helixes of EMWM will slip and lead to energy
dissipation [30]. ,e adhesive shown in Figure 1 cannot be
used for the bonding of EMWM. ,e reason is that the
adhesive may filter into the EMWM, and the internal me-
tallic wire helixes may be bonded at the contact points.
,erefore, the adhesive will cause the wire helixes near the
surface of the EMWM to be unable to dissipate energy in the
form of friction.

,e damping mechanism of the composite structure
with EMWM layer is as follows: when the baseplate is
subjected to external excitation, the displacement response
of the baseplate and the constraining plate will be generated,
respectively, and the deviation of displacement response
between the baseplate and the constraining plate will change
the deformation of EMWM; then the vibration energy will
be dissipated by friction.

,e second purpose of this paper is focused on the effect
of the boundary condition on the dynamic properties of the
composite structure. ,erefore, different boundary condi-
tions are applied to the same composite structure, as shown
in Figure 5. ,e material of the baseplate, constraining layer,
and limit blocks is 45 steel. ,e sizes of the baseplate in the
damping composite area are 150×150× 8mm3. ,e di-
mensions of the constraining layer are 150×150× 3mm3.
,e limit block has an inner diameter of 6.2mm, an outer
diameter of 10mm, and three different thicknesses (2mm,
4mm, and 6mm). ,erefore, the same precompression of
the EMWM is 2mm. To obtain the vibration and damping
characteristics of the composite structure with EMWM
layer, 12 measurement points (points D1∼D12) are
arranged on the baseplate. ,e excitation point (point A) is
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located at the center of the damping composite area of the
baseplate. Four M6 bolts (points B1∼B4) are used to mount
the baseplate, EMWM layer, and the constraining plate
together.

,e composite structure with EMWM layer is shown
in Figure 6. ,e real structure is shown in Figure 6. ,e

bottom is the baseplate, the middle is the EMWM layer,
and the top is the constraining plate. ,e limit block is
used to compress the EMWM layer by the same amount
of 2 mm. ,e baseplate, EMWM layer, limit block, and
constraint plate are constrained and fixed by four bolts.
,rough holes are arranged on the baseplate, and the

Adhesive

Constraining layer
Viscoelastic material

Baseplate
(foundation)

Figure 1: Sketch of sandwich plate.
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Figure 2: Schematic diagram and physical picture of an equipment base. (a) Schematic diagram. (b) Physical picture.

Table 1: Parameters of the EMWM specimens.

Density (kg/m3) Length (mm) Width (mm) ,ickness (mm) Weight (kg) Molding pressure (kN) Batch

2000 150 150
4 0.18 132.8 1
6 0.27 150.6 2
8 0.36 156.3 3

(a) (b)

Figure 3: EMWM specimen. (a) EMWM layer. (b) SEM image of the EMWM (100× enlargement).
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boundary restraint is performed by the pair of supporting
beams and restraining beams. Figure 6 shows the physical
assembly of the four-sided constraint of the actual
structure.

2.2. Damping Property of EMWM. In this research, loss
factor η is used to characterize the damping property of
EMWM; quasi-static compression test is used to test the loss
factor (η).

Figure 7 shows the hysteretic loop for EMWMof a quasi-
static compression test. It is evident that the unloading curve
does not coincide with the loading curve. ,is is caused by
the dry friction between the internal wire helixes.,e shaded
area surrounded by loading and unloading curves (ΔW)

represents the energy dissipated by EMWM in one test cycle
(Figure 7). ,e shaded area U represents the maximum
deformation energy stored in one test cycle (Figure 7).

,erefore, the loss factor of EMWM (η) can be expressed as
follows:

η �
ΔW
πU

. (1)

,e quasi-static compression test for each EMWM spec-
imen was conducted by using a computerized electronic
universal testing equipment (WDW-T200). WDW-T200 was
manufactured by Jinan Tianchen Testing Machine
Manufacturing Co., Ltd., China. WDW-T200 is used in dis-
placement control modewith a constant speed (1mm/min). To
control the test variables, themaximum loading forcewas set as
35KN.

,e loss factor of each EMWM specimen is shown in
Table 2. It is obvious that the loss factor increases with the
increase in the thickness of the EMWM. As the number of
the contact points grows with the increase of thickness, the
EMWM can absorb more vibrating energy during one cycle,
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Figure 4: Composite structure with EMWM layer.
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Figure 5: Dimensions of the baseplate under different boundary conditions. (a) Two ends clamped (C-C-F-F), (b) three ends clamped (C-C-
C-F), and (c) four ends clamped (C-C-C-C).
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Figure 6: Image of the composite structure with EMWM layer.
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which means that the EMWM with a bigger thickness has a
better damping performance. It can also be seen fromTable 2
that the standard deviation of each batch is small. It means
that all specimens have consistency.

3. Experimental Apparatus and Methods

3.1. Experimental Modal Test System. As shown in Figure 8,
an experimental modal test system was set up for two
purposes: ① verifying whether there is a displacement
deviation between the baseplate and the constraining plate of
the composite structure to change the compression state of
the EMWM layer and consequently lead to energy dissi-
pation; ② testing the modal characteristics of composite

structures with different core thicknesses under different
boundary conditions.

,e experimental modal test system was mainly
composed of a signal source and data acquisition system,
a power amplifier, an electromagnetic vibration exciter,
and composite structure. For the first test purpose ①, a
pair of eddy current displacement sensors were used to
measure the displacement response of the baseplate and
the constraining plate at the 12 measure points, re-
spectively (Figure 9). For the second test purpose ②, 12
accelerometers were used to detect the acceleration re-
sponse of baseplate.

,e test principle is as follows: (a) the operator installs
the composite structure into the test system according to the
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Figure 7: Sketch of the hysteresis loop for EMWM. (a) Energy consumption in one test cycle; (b) maximum deformation energy stored in
one test cycle.
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Figure 8: Schematic of the modal test system.

Table 2: Loss factor of EMWM specimens with their standard deviations.

Batch ,ickness (mm) Mean value Standard deviation
1 4 0.1007 0.001
2 6 0.13 0.0012
3 8 0.1375 0.0014
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target boundary condition; (b) the operator sets the ex-
perimental parameters on the host computer; (c) the output
channels of signal source and data acquisition system
generate the corresponding excitation signal; (d) the power
amplifier amplifies the signal and then transmits the am-
plified signal to the electromagnetic vibration exciter; (e) the
composite structure received dynamical excitation from the
electromagnetic vibration exciter; (f ) the signal source and
data acquisition system acquires the displacement signals (or
acceleration signals) and force signals and sends them to the
host computer for postprocessing and storage.

Technical specifications of the main equipment for the
test system are as follows:

(1) Signal generation and acquisition system: the signal
source and data acquisition system (uT8916FRS-DY)
was developed by uTekl (Wuhan, China). uT8916FRS-
DY has two output channels for generating a sinu-
soidal sweeping signal and has sixteen input channels
for collecting force/displacement/acceleration signals.

(2) Electromagnetic vibration exciter: an electromag-
netic vibration exciter JZQ-50 is provided with
ECON power amplifier (Hangzhou, China). ,e
maximum exciting force was 500N and the maxi-
mum output power was 800 watts.

(3) Force measurement: a YD-303 piezoelectric type
quartz force sensor (Yangzhou, China). Its resonant
frequency was more than 60KHz and it had a charge
sensitivity of 3.08 pC/N.

(4) Displacement measurement: two KD9002 eddy
current displacement sensors (Yangzhou, China).
,e parameters of the KD9002 are as follows: the
sensitivity was 8mv/μm, the measuring distance was
2mm, and the resolution was 0.4 μm.

(5) Accelerationmeasurement: twelve 1A102Epiezoelectric
type accelerometers (Jingjiang, China). ,e parameters
of the accelerometer are as follows: the sensitivity was
10.36mV/g, and the measuring range was ±500g.

3.2. Experimental Method. ,e parameters of the excitation
signal are given in Table 3.

3.2.1. Displacement Deviation Test. 12 sinusoidal sweep tests
were carried out with the change the position of the pair of

eddy current displacement sensors from measure point D1
to D12. ,e displacement deviations between the baseplate
and the constraining plate at D1∼D12 were collected by
uT8916FRS-DY.

3.2.2. Modal Test. To verify the improvement of the vi-
bration and damping characteristics of the steel plate
(baseplate) by adding composite structure, a series of
comparisons of the modal tests for steel plate (baseplate) and
composite structure with different core thicknesses were
carried out under different boundary conditions. ,e re-
sponses of the baseplate and composite structure were de-
tected through 12 accelerometers. ,e response signals were
recorded and processed by the use of uT8916FRS-DY in real
time.

At the end of excitation, the time-frequency response
function can be obtained by postprocessing with the time-
frequency joint analysis technology [31].,erefore, the effect
of core thickness and boundary condition on the modal
characteristics of the baseplate and composite structure can
be obtained. Furthermore, the damping ratio (ξ) of the
baseplate (steel plate) and composite structure can be ob-
tained by the half-power band width method.

2ξ �
ω2 − ω1

ωn

, (2)

whereωn is the n-order modal frequency of the structure and
ω1 and ω2 are the excitation frequencies corresponding to
the half-power point.

4. Test Results and Discussion

4.1. Displacement Deviation of the Composite Structure.
,e displacement deviations between the baseplate and the
constraining plate at different measure points (D1∼D12)
were detected. Take data at measure point D1 as an example
to analyze the relationship between displacement deviation
and frequency (note: the thickness of EMWM is 4mm).

Figure 10 shows the displacement response at the
measure point D1 of the baseplate and the constraining
plate under different boundary conditions. Two con-
clusions can be drawn from Figure 10. First, the maxi-
mum displacement of the constraining plate is far less
than 1 μm; thus the displacement deviation between the
baseplate and constraining plate is approximately the
displacement of the baseplate. Second, the displacement
deviations in the first two-order modal frequencies are
significant. Under different boundary conditions, the
maximum displacement deviations are over 30 μm in the
first-order modal frequency, and those in the second-

Table 3: Parameters of the excitation signal.

Parameters Numerical value
Amplitude 100N
Waveform Sine
Sweep mode Logarithmic
Sweep range 10∼500Hz
Sweep cycle 40 s

1# displacement sensor

Exciting rod
Restrained beam
Baseplate
Supporting beam

Supporting ring beam
Supporting base
2# displacement sensor

Figure 9: Displacement deviation test system.
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order modal frequency are over 5μm. As illustrated above,
when the EMWM is deformed in themicron scale, the internal
wire helixes of EMWMwill slip and lead to energy dissipation
[32]. ,erefore, when the composite structure with EMWM
layer was excited by an external force, the vibration energy will
be dissipated in the form of friction between wire helixes inside
the EMWM. ,us, with the increase of deformation, the
EMWM can absorb more vibrating energy during one cycle,
which means that the composite structure with a bigger dis-
placement deviation has a better damping performance. ,e
maximum displacement deviation at the third-order modal
frequency is around 1μm; thus, the energy dissipation at the
third modal frequency can be neglected. ,e displacement
deviations of the composite structure with EMWM (4mm)
layer at different measure points (D1∼D12) under different
boundary conditions are shown in Table 4. ,e same con-
clusion can be drawn from Table 4. It can be seen from Table 4
that the standard deviation of each measuring point was
obviously smaller than themean value, which indicates that the
discretization of the data is small (note: detailed test data can be
found in the appendix of this paper.)

4.2. Modal Characteristics of the Composite Structure

4.2.1. Effect on Modal Frequency. Figure 11 shows the first
three-order modal frequencies of steel plate (baseplate) and
composite structure with different core thicknesses under
different boundary conditions. As illustrated in the figure,
the first three second-order modal frequencies of the
composite structures are significantly lower than that of the
steel plate (baseplate).

,e natural frequency of vibration without damping fn

can be expressed as follows:

fn �
1
2π

��

k

m



. (3)

,e natural frequency of vibration with damping fn
′ can

be expressed as follows:

fn
′ � fn

�����

1 − ξ2


, (4)

where ξ is the damping ratio.
It can be seen from equations (3) and (4) that, under

the same boundary condition, the natural frequencies of
the structure are influenced by mass (m), stiffness (k),
and damping ratio (ξ). ,e composite structure studied
in this paper is to add an EMWM layer and a constraining
plate on the original steel plate. ,us, the mass of the
composite structure was larger than that of the original
steel plate. ,e stiffness of the EMWM is much less than
that of 45 steel. ,e clamped ends of the composite
structure are still the original steel plate; thus the stiffness
changes little. ,e influence of the changes of structural
mass has a greater effect on frequency than that of the
changes of stiffness. As illustrated in Table 2, the loss
factor of the EMWM specimen is in the range from
0.1007 to 0.1375, while the loss factor of 45 steel is less
than 0.02 [33]. EMWM is an elastic damping material
that will increase the damping ratio of the structure. It
can be seen from equation (4) that the natural frequency
of the structure would decrease by adding EMWM layer.
As a consequence, the first three-order modal frequencies
of the composite structures are lower than that of the
original steel plate.

As illustrated in Figure 11, under the same boundary
condition, the modal frequency of the structure decreases with
the increases of core thickness, and this is due to the effect of
thickness on the damping performance of the EMWM shown
above in Table 2. It also can be seen from Figure 11 that the
boundary conditions also affect the modal frequencies of
structures. At the first-order modal frequency, the modal
frequency of the structure under C-C-F-F boundary condition
is lower than those of other boundary conditions. ,is
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Figure 10: Displacement response of the baseplate and the constraining plate under three different boundary conditions (measure point
D1). (Note: the displacement direction is positive in the vertical direction and negative in the opposite direction). (a) C-C-F-F, (b) C-C-C-F,
and (c) C-C-C-C.
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phenomenon is due to the fact that the stiffness of the structure
is affected by boundary conditions.

4.2.2. Effect on Damping Ratio. Figure 12 presents the
damping ratios of the steel plate and composite structures at
the first three-order modal frequencies.

It can be seen from Figure 12 that, under different
boundary conditions, the damping ratios at the first-order
modal frequency of the composite structures are signifi-
cantly larger than that of the baseplate (thickness of 8mm),
and the damping ratio grows with the increase of the core
thickness. It indicates that the damping characteristics of the
structure would be changed by adding an EMWM layer and
affected by the thickness of the EMWM layer. In the second-
and third-order modal frequencies, the changes of the
damping ratio are not obvious as that in the first-order
modal frequency. ,is is due to the fact that the displace-
ment deviations between the baseplate and constraining
plate in the second- and third-order modal frequency are far
less than that at the first-order modal frequency (Table 4). As

illustrated above, the larger the displacement deviation the
better damping performance. Furthermore, the effect of
boundary conditions on the damping ratio is not as obvious
as that of core thickness.

4.2.3. Effect on Modal Shape. First three-order modal shapes
of the baseplate and composite structures can be deduced
from the vibration response of the baseplate and composite
structures. It can be seen from Table 5 that the EMWM layer
and the constraining plate would change the modal shapes of
the original structure.

4.3. Vibration Reduction Performance. Frequency response
curves (FRCs) for acceleration of the baseplate and com-
posite structures with different core thicknesses under dif-
ferent boundary conditions were obtained by signal source
and data acquisition system (uT8916FRS-DY) in real time.
,e FRCs for acceleration of the original steel plate (base-
plate) (8mm) at different measuring points are shown in
Figure 13. ,e amplitude of FRCs for acceleration at the
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Figure 11: ,e first three modal frequencies of the steel plate (baseplate) and composite structures with different core thicknesses under
different boundary conditions. (a) First order, (b) second order, and (c) third order.

Table 4: Displacement deviation at measure points (D1∼D12) under different boundary conditions. (unit: μm).

C-C-C-C C-C-C-F C-C-F-F

First order Second
order ,ird order First order Second

order ,ird order First order Second
order ,ird order

MV SD MV SD MV SD MV SD MV SD MV SD MV SD MV SD MV SD
D1 32.26 0.113 4.79 0.076 1.45 0.098 31.56 0.035 5.07 0.092 0.86 0.137 31.94 0.073 5.09 0.091 1.01 0.134
D2 32.31 0.147 5.04 0.154 1.62 0.142 31.49 0.027 5.22 0.107 0.82 0.144 31.86 0.182 5.04 0.143 0.99 0.097
D3 32.29 0.125 4.94 0.095 1.71 0.117 31.44 0.056 5.27 0.113 1.06 0.202 31.77 0.061 5.03 0.112 0.99 0.137
D4 32.22 0.118 4.97 0.082 1.32 0.134 31.45 0.043 5.33 0.086 1.13 0.183 30.72 0.062 5.11 0.083 1.12 0.146
D5 31.93 0.094 4.83 0.106 1.67 0.187 31.49 0.022 5.31 0.094 0.96 0.116 31.82 0.124 5.08 0.137 0.97 0.133
D6 32.18 0.157 5.22 0.233 1.75 0.143 31.55 0.016 5.41 0.083 1.27 0.134 31.79 0.153 5.02 0.224 1.08 0.212
D7 32.44 0.201 5.31 0.162 1.82 0.126 31.52 0.047 5.43 0.117 1.18 0.246 31.55 0.115 5.04 0.068 1.03 0.107
D8 31.97 0.193 5.09 0.066 1.87 0.132 31.49 0.028 5.13 0.104 1.21 0.209 31.23 0.092 4.95 0.047 1.15 0.093
D9 32.05 0.115 4.85 0.074 1.37 0.145 31.55 0.043 5.06 0.097 0.91 0.177 30.53 0.146 4.89 0.118 1.03 0.278
D10 32.12 0.174 4.92 0.096 1.58 0.184 31.48 0.034 5.17 0.105 0.92 0.092 30.76 0.128 4.91 0.132 0.89 0.139
D11 32.17 0.164 5.18 0.118 1.65 0.088 31.45 0.053 4.96 0.132 0.99 0.106 31.02 0.079 4.88 0.124 0.93 0.223
D12 32.09 0.247 5.11 0.125 1.51 0.139 31.44 0.064 5.34 0.109 0.87 0.102 30.44 0.134 4.76 0.083 0.86 0.064
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first-order modal frequency was larger than those in the
second- and third-order modal frequency. It also can be seen
that the amplitude of FRCs of eachmeasurement point at the
first frequency almost coincides. ,us, the following will
compare the vibration responses of the structures in the first-
order modal frequency.

,e stiffness and damping factor are two key parameters
that affect the vibration response of the structure. Figure 14
shows the FRC of the baseplate and composite structures at
the first modal frequency under different boundary condi-
tions (measure point D1). It can be clearly seen that the
amplitude of FRC can be reduced by adding EMWM.
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Figure 12: ,e damping ratios of the steel plate (baseplate) and composite structures with different core thicknesses under different
boundary conditions. (a) First order, (b) second order, and (c) third order.

Table 5: First three-order modal shapes of the baseplate and composite structures under different boundary conditions.

Boundary
condition Structure 1st order 2nd order 3rd order

C-C-F-F

Steel plate

Composite
structure

C-C-C-F

Steel plate

Composite
structure

C-C-C-C

Steel plate

Composite
structure

Shock and Vibration 9



Furthermore, the amplitude decreases with the increases of
core thickness. Under the boundary condition of C-C-F-F
and C-C-C-F, the amplitude can be reduced by 60.19%～
67.74% and 46.47%～ 64.18%, respectively. Under the
boundary condition of C-C-C-C, the amplitude is only
reduced by 6.45%～ 25.81%. ,ere are two reasons for the
reduction: first, the stiffness of the baseplate was improved
by adding EMWM layer and constraining layer; second, the
EMWM is a kind of damping material and can dissipate
vibration energy in the form of friction between the internal
wire helixes. ,e influence of core thickness on the vibration
reduction is consistent with the analysis results of the loss
factor. ,e original stiffness of the baseplate is the largest
under the condition of C-C-C-C, so the effect of increasing
stiffness and damping by adding EMWM layer and

constraining plate is not obvious enough. ,erefore, the
amplitude attenuation of FRCs under C-C-C-C condition is
less than that under the other boundary conditions.

5. Conclusion

To reduce the vibration of the plate-like structure, a new
composite structure was presented by adding EMWM layer
and constraining plate. ,e damping performance of the
EMWM was tested by a series of quasi-static compression
tests. A dynamic test system was set up to verify that the
displacement deviation between baseplate and constraining
plate is sufficient to cause the energy dissipation of EMWM.
,e modal characteristics of the baseplate and composite
structures with different core thicknesses under different
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Figure 13:,e FRCs of steel plate (baseplate) under different boundary conditions at different measuring points. (a) C-C-F-F, (b) C-C-C-F,
and (c) C-C-C-C.
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Figure 14: ,e FRCs of the baseplate and composite structures at 1st-order modal frequency under different boundary conditions (D1). (a)
C-C-F-F, (b) C-C-C-F, and (c) C-C-C-C.
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boundary conditions were investigated. ,e main conclu-
sions, which can be drawn from the conducted experiments,
are as follows:

(1) ,e displacement deviations between the baseplate
and constraining plate are sufficient to cause the
energy dissipation of EMWM.

(2) Adding EMWM and constraining plate will reduce
the modal frequency of the structure. Furthermore,
the damping ratio of the structure would be sig-
nificantly improved, and the amplitude of the FRF
curve can be reduced.

(3) ,e larger the thickness of the core thickness is, the
larger the damping ratio and vibration reduction
performance of the composite structure are.

(4) ,e effect of EMWM on the vibration and damping
characteristics of the composite structure under the
boundary condition of C-C-C-C is not as obvious as
that under the other boundary conditions.
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