iriried applied
L sciences

Article

Study on the Dynamic Mechanical Properties of
Viscoelastic Materials Based on Asymmetrical
Sandwich Beams

Qingqing Wu and Minqing Wang *

School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China;
wq7203365@126.com
* Correspondence: mqwang@nwpu.edu.cn; Tel.: +86-029-8849-5827

check for
Received: 11 July 2018; Accepted: 8 August 2018; Published: 13 August 2018 updates

Abstract: A modified estimation method for the dynamic mechanical properties of viscoelastic
materials via asymmetrical sandwich specimens is presented. In contrast to the traditional vibrating
cantilever beam test method (VCBTM), the proposed method allows asymmetrical base beams in
sandwich specimens. Based on the complex stiffness method, complex parameters are introduced
for general sandwich configurations. Calculation formulas for loss factor and shear modulus of
the core material are presented. The effectiveness of this approach is validated numerically and
experimentally by analysis of one symmetrical sandwich beam specimen and two specimens with
asymmetrical thicknesses and materials. It is shown that dynamic mechanical parameters of the
core material can be obtained regardless of sandwiches’ symmetry. The proposed method breaks
the symmetrical criteria for sandwich specimens and may provide a wider application to measure
viscoelastic materials” dynamic properties.

Keywords: asymmetrical sandwich; dynamic mechanical property; damping; vibrating cantilever
beam test method

1. Introduction

Benefiting from the high damping performance, viscoelastic materials have been widely utilized
in aerospace and vehicle transport industries. The dynamic mechanical properties of viscoelastic
materials such as loss factor, Young’s modulus and shear modulus are essential parameters in the
investigations of structural vibration and acoustic. The measurement of dynamic parameters of
viscoelastic materials have attracted much attention.

In the area of mechanical vibration and shock, traditional test methods to determine the dynamic
mechanical properties of viscoelastic materials include the resonance method, the cantilever shear
beam method, the dynamic stiffness method [1] as well as the vibrating cantilever beam test method
(VCBTM) [2], etc. Specifically, to measure the damping properties of materials, the system damping of
structures are usually tested firstly. Methods for the determination and identification of the damping
parameter include the decay rate method [3,4], the half-power bandwidth method [5], the power input
method [6,7], the circle-fit method [8] and the integral method [9], etc.

Viscoelastic materials are usually non-self-supporting and are embedded into composite structures.
Hence determining the mechanical parameters of viscoelastic materials becomes the inverse problem
of calculating the dynamic characteristics of composite configurations. Among the dynamic research
on the composite structures, Kerwin and Ungar [10,11] firstly accomplished the damping analysis of
constrained-layer damped structures employing the complex stiffness method as well as the strain
energy method. Base on the complex stiffness method, Derby and Ruzicka [12] evaluated the loss factor
and resonant frequency of multilayered structural composites with viscoelastic materials. The modal
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strain energy method (MSEM) is nowadays widely used to investigate the vibration characteristics
of composite structures [13,14], yet it’s hard to apply the MSEM in the damping identification of
materials. Recently some new methods have been presented to determine the damping and stiffness
characteristics of structures. The force analysis technique was used by Ablitzer et al. [15] to identify
the stiffness and damping properties of both homogenous and heterogeneous structures, establishing
a straight forward relationship between the material properties and displacement field. The complex
wavenumber method was developed by Mcdaniel and Dupont [16] to estimate frequency-dependent
loss factor of a beam with arbitrary transient loading. Subsequently, Rak et al. [17] employed this
method to determine structural damping property over discrete but regularly spaced frequency
with the experimental validation based on cantilever beam test. The wavenumber method was also
implemented by Ichchou et al. [18] to obtain effective sandwich structural properties and identify the
equivalent models. The displacement field method was developed by Cherif et al. [19] to estimate
the loss factor of two-dimensional orthotropic structures based on a scanning laser vibrometer
measurement. The inverse identification approach was implemented by Barkanov et al. [20] to
characterize the viscoelastic layers in sandwich panels and was used by Sun et al. [21] to evaluate the
mechanical parameters of viscoelastic materials.

Among the various test methods, the vibrating cantilever beam test method (VCBTM) has
been widely used to determine materials’ dynamic mechanical properties because of its simple and
feasible maneuverability. It is remarkable that test methods based on microscale cantilevers are also
widely utilized to extract the mechanical properties of materials and structures in small dimensions.
Guo et al. [22] determined the Young’s moduli of amorphous Cu—Zr thin films by force-deflection
measurements of microscale cantilevers on the basis of atomic force microscope (AFM) technique.
Ghidelli et al. [23] extracted the elastic moduli of both layers of bilayer microcantilevers from stiffness
measurements by nanoindentation technique. They also determined the residual stress of double
clamped bilayer micro beams, which plays an important role in surface effects on microscale structures.
Yun [24] evaluated the Young’s modulus of a silicon nitride thin film based on microcantilever
resonance tests with ultrasonically actuations. When compared with other techniques to investigate
micro materials’ mechanical behavior, including bending [25], ultrafast laser metrology [26] and
bulge tests [27], micocantilever techniques can provide simpler procedures or enhanced detectability.
The aforementioned micro beam test methods are enlightening, however their applications are still
confined to microscale materials such as thin films. Besides, they cannot be used to obtain the damping
characteristics. For bulk-like materials, the VCBTM is a convenient and effective method by which
both loss factors and moduli can be extracted from modal vibration data using bilayer or sandwich
beam specimens.

For non-self-supporting materials, such as viscoelastic materials, materials to be measured are
usually embedded into sandwich beams when employing the VCBTM [2]. Yet the available solution
formulas in reference [2] are only applicable for symmetrical sandwich beam specimens. Consequently,
the dimensions and resonant frequencies of the individual base beams must match. It has been found
that in a batch of 20 to 30 beams there are only several pairs of beams that meet the criteria [2]. This may
bring about a waste in the preparation and selection of test specimens.

In this paper, a modified estimation method is proposed to determine the dynamic mechanical
properties of shear-damped viscoelastic materials using asymmetrical sandwich specimens. As an
extension of the VCBTM, residual stress in the interface of different layers will not be considered
since shear deformation in the viscoelastic core is predominant during the vibration of sandwiches.
This method will be helpful to avoid the waste in the process of specimen preparation and can enrich
the experimental data. In the theoretical modeling section, analytical formulas for calculating the
loss factor and shear modulus of materials are given for general sandwich beam specimens based on
the complex stiffness method. Detailed operations in the measurement process using the proposed
method are described. Simulations are subsequently accomplished to validate the effectiveness of
this method. Verification experiments are then carried out with three kinds of different sandwich
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beam specimens being measured: one symmetrical specimen, one asymmetrical specimen with base
beams of different thicknesses and one asymmetrical specimen with base beams consisting of different
materials. Finally, comparisons and discussions of the experimental results are presented.

2. Theoretical Modelling

2.1. General Sandwich Beam Specimens

Figure 1 illustrates the section sketch of a sandwich specimen. The face sheets are elastic base
layers, referred to as layer 1 and layer 3, respectively. The core layer is the viscoelastic material to be
measured, referred to as layer 2. Distinguished from traditional sandwich specimens in the VCBTM,
in this study the materials and thicknesses of base layers can be different. As shown in Figure 1, the
neutral surface of the first layer is chosen as the reference datum line; D is the distance from the neutral
surface of the configuration to the reference datum line; d; is the distance from the ith layer’s neutral
surface to the center of the first layer; H; is the thickness of the ith layer.
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Figure 1. Section sketch map of a sandwich beam specimen.

The neutral surface of the sandwich can be determined by

, )

where K; is the extensional stiffness of the ith layer and is the product of the Young’s modulus and the
section area. For a beam of the width b, K; = bE;H;.
The bending stiffness of the sandwich configuration can be expressed in the complex form

(ED)" = (EI), (1 +in), @)

where (EI)" is the complex stiffness, (EI),, is the effective bending stiffness, and 7 is the structure or
system loss factor. The system loss factor can be determined by 7 = Im(EI)*/Re(EI)".

In the damping analysis of constrained sandwich structures in references [10-12], the complex
shear parameter X*, the geometrical parameter Y were introduced as

X* = X(1+ip), 3)

where f is the loss factor of the damping material and X is the effective shear parameter. The effective
shear parameter of the sandwich configuration is determined by X = % (K% + K%) , where G is the
shear modulus and k is the flexural wavenumber, k* = 27t f/m/(EI),,.

and
_(EDs . _ (EDy
Y@, T EDY

4)
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where (EI)q, (EI),, (EI)y represent the uncoupled, coupled and transfer flexural rigidities (or bending

stiffnesses) of the composite structure, respectively. The uncoupled bending stiffness and transfer
3 3
bending stiffness are given by (EI) = Y (EI); and (EI)y = ¥ K;(d; — D).
i=1 i=1
The complex coupling parameter Z* was also introduced in reference [12], which satisfies the

following expressions for constrained-layer sandwich structures

(EI)* = (EI)o(1+ Z*Y), ®)
_ Im(Z")Y
T I Re(Z)Y ©
where %
T 7
o _ X(X+1)+ X262 i X2p? ®)

(X+1)24+ X282 (X+1)* 4 X28*
The real part and imagine part of the complex coupling parameter are respectively expressed as
_X(X+1)+Xx%6°

RG(Z*) - (X+ 1)2 T XZIBZ ’ (9)

XZ '32
(X +1)%+ X282
Here we introduce the bending stiffness ratio S as the ratio of the effective bending stiffness and
the uncoupled bending stiffness of sandwich structures, which is expressed as

Im(Z*) =

(10)

re (11)

According to Equations (5) and (6), the relationship of the stiffness ratio and the complex coupling
parameter can be expressed as

S=1+Re(Z")Y, (12)
_ Im(Z*)Y
== (13)

Combining Equations (9), (10) and Equations (12), (13), the loss factor and the effective shear
parameter can be obtained as follows

nSY

P o 1i-9) -9 (14)

x_ 8=DY+1-5) (9" 15)
(Y +1-8)"+ (4S)?

As for cantilever beam specimens, the modal flexural wavenumbers can be achieved by [2]

2nC
2 n
k'rl - 12 7

(16)

where [ is the length of the beam and C,, is the coefficient for mode 7 of clamped-free uniform beam,
C; = 0.55959, C; = 3.5069, C3 = 9.8194, C4, = 19.242, C5 = 31.809, and C, = (71/2)(n — 0.5)2,
forn > 3.
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Equation (18) implies that beams of identical lengths undergo the same modal wavenumbers.
Thus when the VCBTM is used to determine the dynamic mechanical properties of viscoelastic
materials, the wavenumbers of the base beam specimens and sandwich beam specimens are
approximately equal. According to the definition expression of the flexural wavenumber, we arrive
at EI = m(2nf /k?) ? Thus the bending stiffness ratio of the tested sandwich beam specimen can be
obtained by

_ (mq +mp + mg)fsz
mff +maff +msf}’

where m; and f; represents the areal density and the resonant frequency of the ith layer respectively,
fs represents the resonant frequency of the sandwich specimen.

For sandwich test beam specimens, the bending stiffness of the damping layer is far smaller than
the bending stiffness of the elastic base layers. Thus Equation (17) can be rewritten as

(17)

g _ (p1Hi+poHy + P3H3)fs2, (18)

o1H1 /T + p3Haf3

where p; represents the density of the ith layer.

In Equation (18), the densities, thicknesses of each layer, and the resonant frequencies of the
base beams and sandwich specimens are the parameters to be tested during the vibration cantilever
beam test.

According to the definition formulas Equation (4), the geometrical parameter of a sandwich beam
can be expressed as

3E1H,E3H3(H; + 2H, + H3)?

Y — , (19)
(E1Hy + E3H3) (E1H3 + E3H3)

According to the definition expression of the effective shear parameter, the shear modulus of the
cantilever sandwich beam can be obtained by

E1H1E3H3 @ 27Tcn

pr— 2
EiH1+E3Hz; X 2 (20)
Substituting Equation (20) into Equation (15), we arrive at
B = 1:5Y , @)

(S—1)(Y +1-5) — (1:S)?

c_ (8-D(¥+1-5) - (1sS)? 27C,, E1H,E3H3Hy 2
(Y +1—8)* + (355)? 12 EyHy+ E3H3’
where 75 is the modal system loss factor of the sandwich beam.
Equation (21) and Equation (22) are calculation formulas of damping loss factor and shear

modulus respectively for general sandwich beam specimens.

After the material parameters and resonant frequencies are tested, the bending stiffness ratio
S and geometrical parameter Y can be achieved by Equation (18) and Equation (19) respectively.
The structure loss factor 75 can be obtained from the frequency response curve of the sandwich
specimen. Subsequently, the loss factor and shear modulus of the core material can be calculated by
Equation (21) and Equation (22). What needs to be stressed is that the symmetry of specimens does
not restrict the application of the aforementioned formulas.

When asymmetrical sandwich beam specimens are chosen, the material parameters and resonant
frequencies of both the base beams should be measured before the measurement of the sandwich
beam. This is the only operation to be added when compared with the traditional test method using
symmetrical sandwich specimens.
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2.2. Symmetrical Sandwich Beam Specimens

When symmetrical sandwich specimens are chosen, the equations to determine the dynamic
mechanical properties can be simplified. With respect to symmetrical specimens, E; = E3, Hy = H3,
p1 = ps and f; = f3. The bending stiffness ratio and geometrical parameter can be obtained as follows:

_@+DT) (£
- B2y’
Y =3(1+T)?% (24)

where T and D’ are the thickness ratio and density ratio respectively,and T = Hy/Hy, D' = p2/p1.
If we define Y = 7z and S = %, after some manipulation, Equation (21) and Equation (22) can be
rewritten as
Ay
(A—B) —2(A— B} —2(Ap)*’

p= (25)

(A —B)—2(A — B)?> —2(Ay)* 2nC,E Hy Hp

26
(1—2A+2B)* +4(An)? 12 26)

It's evident that Equations (25) and (26) are in the same form as the Equations (8) and (9)
in the referred standard [2]. Hence, the simplified calculation formulas is valid for symmetrical
sandwich beams.

3. Simulations and Discussions

To study the effectiveness of the proposed method, the following simulations are accomplished
with respect to symmetrical and asymmetrical cantilever sandwich beams. When the beam test
technique is employed, the thickness of the base beam is usually chosen as 1 mm-3 mm and the metal
is often chosen to be steel or aluminium. As illustrated in Figure 2, here we consider three kinds
of sandwich beams: beam 1 with 1-mm-thick and 1.2-mm-thick steel base beams; beam 2 with one
1-mm-thick steel base beam and one 1-mm-thick aluminium beam; beam 3 with two symmetrical 2 mm
steel base beams. The sandwich beams are all of 250 mm length and has one identical 0.1-mm-thick
damping layer.

0 steel damping material
= aluminium
250 mm
H; H=1.2 mm
.............. ;; H,=0.1 mm
beam 1 H H: H=1.Omm
H; H;=1.0 mm
———— | =——=—=== ] H,=0.1 mm
beam 2 H H, Hy=1.0mm
H; Hi=2.0 mm
i .............. ’i!‘.........,'v"- H,=0.1 mm
beam 3 H]’ H2 H3=2.0 mm

Figure 2. Three sandwich beams with one identical damping layer.

Firstly, the geometrical parameter Y can be obtained according to its definition formulas Equation (4).
When the effective bending stiffness, uncoupled bending stiffness and system loss factor are achieved
by the Kerwin-Ungar theory [10,11], the modal characteristics (modal frequencies, bending stiffness
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ratios and structure loss factors) can be achieved. Thus the modal loss factor and shear modulus of the
viscoelastic material can be obtained according to Equations (21) and (22), respectively.
In the following sections, two kinds of damping material setting conditions are studied.

3.1. Constant Damping Model

When the aforementioned three kinds of beams are studied, firstly constant damping and elastic
properties are considered. The material loss factor is given as 0.6 and the shear modulus is set as 1 MPa.
The loss factors and shear moduli of the damping material are calculated by the proposed method
based on the modal data of the aforementioned three sandwich beams. The comparison is shown
in Figure 3.

Figure 3 shows that accurate results of modal loss factors and shear moduli can be evaluated using
the two kinds of asymmetrical beams (beam 1 and beam 2), just as the traditional symmetrical beam
(beam 3) does. It can also be observed that the three kinds of cantilever sandwich beams have similar
modal frequencies and similar modal dynamic mechanical properties. The reason lies in that beams in
this analysis have similar flexural rigidities, structure loss factors as well as identical beam length.

103 103
ENEY) ] (b)
] § ) ]
g 1 E < 10" ——————si>——iis—ito—so-so-tte—|
8 E 5 s #o—do-de-te .E 3
& 3
n | o] )
2 0.14 ® beam 1 €10°4 ® beam 1
— ] A beam?2 s A beam2
®  beam 3 —(%) ®  beam 3
] given value given value
0.01 T T L | T 104 T T L LR L | T
50 100 1000 3000 50 100 1000 3000
Frequency (Hz) Frequency (Hz)

Figure 3. Simulation results of constant loss factor and shear modulus by three sandwich beams:
(a) modal loss factors and (b) modal shear moduli.
3.2. Frequency-Dependent Viscoelastic Model

In practice, the dynamic mechanical properties of viscoelastic materials are usually frequency-
dependent. To validate the effectiveness of the proposed method for common viscoelastic materials,
one damping material with frequency-dependent loss factor and shear modulus is studied. The loss
factor and shear modulus of the sandwich core material are given as follows

logyo B = —1.2 x (logy, £) % + 05, 27)

log,, G = 0.2 x log,, f +6. (28)

Calculated results of the modal loss factors and shear moduli by the proposed method using the
aforementioned three kinds of sandwich beams are illustrated and compared in Figure 4.
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Figure 4. Simulation results of frequency-dependent loss factor and shear modulus by three sandwich
beams: (a) modal loss factors and (b) modal shear moduli.

It can also be observed from Figure 4 that both asymmetrical and symmetrical sandwich specimens
can determine the frequency-dependent dynamic properties at the same precision.

Since there is no limitation in the frequency domain for complex parameters defined in the theory,
the present method can be applied to viscoelastic materials that is either frequency-dependent or
frequency-independent. It offers the possibility of providing various kinds of sandwich specimens to
enrich the experimental results.

4. Experimental Validation

4.1. Experimental Apparatus

Verification experiments are conducted based on the VCBTM, with an experiment system shown
in Figures 5 and 6. The generation signal is a random white noise signal created by the data acquisition
system (B&K 3560B) and is processed by the power amplifier (B&K 2718). A non-contact magnetic
transducer (B&K MMO0002) is used to generate the free end of the specimen. A non-contact eddy
current sensor (SJ3-2) is used to pick up the displacement response signal of the beam. The data
acquisition system (B&K 3560B) processes the time domain signals into frequency response signals to
obtain the modal data. All experiments are conducted in the room temperature of 26 °C.

non-contact non-contact
eddy current sensor magnetic transducer

a

(] )

power amplifier

/

specimen

output signal

data acquisition
system

/ computer /

L /

Figure 5. Schematic diagram of the experimental apparatus.
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Eddy current
dlsplacement meter

Magnetic
transducer

Figure 6. Experimental setup.

4.2. Test Specimens

As shown in Figure 7, three different sandwich beam specimens are prepared to measure
the dynamic mechanical properties of one self-adhesive viscoelastic damping material (VDM).
The asymmetry types include the asymmetry of base beams’ thickness and the asymmetry of materials.
The short asymmetrical specimen is 180-mm-long and consists of a 0.90-mm-thick steel base beam
and a 1.02-mm-thick steel base beam; the long asymmetrical specimen is 240 mm long and contain
a 0.97-mm-thick steel substrate beam and a 0.90-mm-thick aluminium substrate beam; the long
symmetrical specimen is 240 mm long and is composed of two 0.97-mm-thick steel base beams.
All the test specimens are 10 mm wide and has identical self-adhesive VDM core with the thickness of
0.5 mm. The densities of the steel, aluminium and VDM are measured as 7830 kg/m?, 2710 kg/m?3,
1600 kg/m?3, respectively.

= steel viscoelastic damping material
=3 aluminium = spacer material
root section beam length .
e cross section
— =kt
—_— ==
@ H'H:
— H;
,,,,,,,,,,,,,,, l —
L] (b) H, H,
— H,
- e , :;}*
L | (© H' H,

Figure 7. Sandwich beam specimens: (a) short asymmetrical specimen H; # Hj, (b) long asymmetrical
specimen H; # Hj and (c) long symmetrical specimen H; = Hj.

To simulate the cantilever boundary condition, thick root sections of 25 mm length, 16 mm
thickness are designed. Aluminium sheets with the same thickness of the sandwich cores are adhered to
the root spacers between the adjacent root sections, aiming at giving firm and ideal cantilever support.
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4.3. Experimental Results

4.3.1. Normalized Displacement Frequency Responses

Firstly, broadband excitation are applied onto the free ends of three sandwich specimens.
The displacement responses around the clamped ends are obtained and analyzed by the fast Fourier
transform (FFT). At this procedure, the frequency resolution set up of the FFT is not high in order to
reduce the average time of signal processing. The normalized frequency response curves are illustrated
in Figure 8, from which modal data can be obtained.

As shown in Figure 8, the first six resonant peaks of the short asymmetrical beam are measured,
ranging from 1 Hz to 2500 Hz. The first seven resonant peaks of the long asymmetrical beam as
well as the long symmetrical beam are obtained, ranging from 1 Hz to 2000 Hz. Since the frequency
resolution and average times of the FFT are set relatively low in this procedure, only approximate
modal frequencies can be extracted. It can also be observed that more signal burrs arise in the high
frequency domain, revealing that vibrations of sandwich beams are harder to be excited and signal
noises are more apparent at the higher modes. Hence, the number of FFT average times in high
frequency should be given much bigger than those in low frequency in the following analysis.

0 0
1 (@ - (b)
201 201
g ] g ]
= -40 = -40
= =
- £ ]
g -60 g -60 1
=} | 3 ]
7 80 7 80
a v a o
'100 T T T T T T T T T '100 T T T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000
Frequency (Hz) Frequency (Hz)
0
' (©

201

M ]

)

= -40 -

5 ]

g -60 -

< ]

By 80

a ]

-100 " T . T . . .
0 500 1000 1500 2000
Frequency (Hz)

Figure 8. Normalized frequency responses of sandwich beam specimens: (a) short asymmetrical
specimen (b) long asymmetrical specimen and (c) long symmetrical specimen.

Since the theoretical modeling of the VCBTM is based on the assumption of infinite boundary,
this approximation is acceptable only at the higher modes [2] and it has been the practice to ignore the
first modal results. This practice is also complied with in this study.

According to the previously obtained approximate modal frequencies, narrow band excitation
signals are subsequently applied for each mode. Meanwhile, higher frequency resolutions and bigger
number of average times are set up for the FFT. In this way, displacement responses at resonances
with more details are guaranteed. Figure 9 reports the normalized frequency response curves under
narrow band excitations for three sandwich beams. Figure 9a shows resonant responses of the short
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asymmetrical beam at the second to the sixth modes. Figure 9b,c show the second to the seventh mode
data for the long asymmetrical beam and long symmetrical beam, respectively.

It is obvious that frequency response curves in Figure 9 are smoother and clearer than those
obtained in the broadband excitation procedure. It can also be observed that the modal frequency
response curves are approximately symmetric and nonlinear phenomenon does not arise at resonant
peaks. As for the response curve from each mode, an approximate difference of 10 dB is guaranteed
between the response at resonance and the value at the lowest or highest frequency. The response
curve from the second mode of the long symmetrical beam seems to be an exception, with only 5 dB
difference in the narrow frequency band. This is due to the appearance of interference signals at
low frequency. Anyway, 5-10 dB response differences are quite enough to extract modal loss factors
by the half-power bandwidth method or other damping identification methods. Hence, accurate
modal frequencies and other modal characteristics can be extracted from narrow band frequency
response curves.
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Figure 9. Normalized frequency responses of sandwich beam specimens by narrow band excitation:
(a) short asymmetrical specimen (b) long asymmetrical specimen and (c) long symmetrical specimen.

4.3.2. Modal Frequencies and Loss Factors of Sandwich Specimens

The integral method proposed by Guo [9], which can be used to process linear and nonlinear
response data, is employed to calculate modal loss factors by the narrow band experimental data.
Tested modal frequencies from the second to the sixth modes of the short asymmetrical sandwich
specimen and modal frequencies of its base beams are listed in Table 1. Tested modal frequencies from
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the second to the seventh modes of the long asymmetrical and symmetrical sandwich beam specimens
and modal frequencies of their base beams are listed in Tables 2 and 3 respectively. Tested structure
loss factors of three beam specimens are diagramed in Figure 10. As listed in the tables, the modal
frequencies over 1 kHz are obtained by the frequency resolution of 1 Hz to reduce the FFT average
time, meanwhile higher frequencies resolutions are set at lower modal frequencies.

10°
=
P A
Q% 107 5 ™ o A
2 . ¢ A A A
< g Homo
g2
51073 .
t;) ® short asymmetrical beam
% A Jong asymmetrical beam
1 B Jong symmetrical beam
107 +—— T T
50 100 1000 3000

Frequency (Hz)

Figure 10. Test results of structure loss factors of three sandwich beam specimens.

As illustrated in Figure 10, the modal loss factors of the short asymmetrical beam are 0.076, 0.044,
0.030, 0.022, 0.020, accordingly. The tested modal loss factors of the long asymmetrical sandwich
specimen are 0.113, 0.081, 0.054, 0.046, 0.036, 0.034, accordingly. The tested modal loss factors of
the long symmetrical sandwich specimen are 0.077, 0.046, 0.036, 0.025, 0.0234, 0.0209, accordingly.
The modal structure loss factors of three beam specimens are mostly in the range of 0.01-0.1 which is
easy to be determined from the response at resonance. It can also be observed that the structure loss
factors all decrease with frequency from the second mode.

Table 1. Tested modal frequencies of the short asymmetrical sandwich beam specimen.

Modal Frequency (Hz)
Beam Type Materials Thickness (mm)
2 3 4 5 6
Base 1 Steel 0.90 143.55 402.80 792.30 1311.0 1957.0
Base 2 Steel 1.02 164.50 459.50 900.30 1488.0 2221.0
Sandwich 2.42 161.31 434.50 842.50 1388.0 2068.0

Table 2. Tested modal frequencies of the long asymmetrical sandwich beam specimen.

Modal Frequency (Hz)
Beam Type  Materials Thickness (mm)
2 3 4 5 6 7
Base 1 Steel 0.97 87.63 246.06 48280 79850  1193.0  1668.0
Base 2 Aluminium 0.90 76.13 219.00  432.00 71760 10785  1512.0
Sandwich — 2.37 92.94 245.00  469.00 768,50 11450  1597.0

Table 3. Tested modal frequencies of the long symmetrical sandwich beam specimen.

Modal Frequency (Hz)
Beam Type  Materials Thickness (mm)
2 3 4 5 6 7
Base 1 Steel 0.97 87.63 24630  483.00  799.50  1195.0 1669.0
Base 2 Steel 0.97 87.50 24610  483.00 79850  1194.0 1668.0

Sandwich — 2.44 91.94 248.00 480.75 789.25 1177.5 1645.0
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4.3.3. Modal Shear Moduli and Modal Loss Factors

With the modal frequencies of base beams measured, the shear moduli of base beams can be
achieved. With known densities, thickness and modal frequencies, the bending stiffness ratio S and
the geometrical parameter Y can be determined by Equations (18) and (19), respectively. And then
according to Equations (21) and (22), the frequency-dependent dynamic mechanical properties of
the VDM can be determined. The modal loss factors and shear moduli obtained by three sandwich
specimens are compared and illustrated in Figures 11 and 12, respectively.
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Figure 11. Test results of modal loss factors by three sandwich beam specimens.
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Figure 12. Test results of modal shear moduli by three sandwich beam specimens.

It can be seen from Figures 11 and 12 that the frequency-dependent trend of the measured
dynamic mechanical properties of the VDM is obviously concordant, despite that the results are
obtained by three distinguished sandwich specimens. This coincidence manifests the effectiveness
of the proposed method. Both the shear modulus and loss factor increase with increasing frequency
in the range of 50-2500 Hz, which implies that in this frequency range the VDM is in the transition
region at the temperature of 26 °C. Due to the same length and similar bending stiffness, modal
frequencies measured by the long asymmetrical and long symmetrical sandwich specimens are similar
at the same mode number. It can also be observed that sandwich beam specimens with various
compositions and lengths can enrich the tested results, which denotes to estimating modal properties
at different frequencies.
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5. Conclusions

A modified evaluation method has been presented in this paper for the dynamic mechanical
properties of viscoelastic materials via asymmetrical sandwich specimens, and some improvement
has been made for the vibrating cantilever beam test method (VCBTM). Calculation formulas and
operation points for the measurement of shear modulus and loss factor of viscoelastic materials have
been given. With the asymmetry of thickness and material of base beams taken into account, theoretical
and experimental studies have been carried out to verify the effectiveness of the proposed method.

Simulation results have validated that asymmetrical sandwich beams can be used to calculate
frequency-dependent loss factor and shear modulus of materials accurately just as symmetrical
sandwiches do. It is also confirmed by experimental results that concordant frequency-dependent
trends of dynamic properties of the viscoelastic damping material could be achieved regardless of
specimens’ symmetry. The permission of asymmetrical materials and thickness avoids the repeated
examinations to minimum the dimensional tolerance and modal frequency difference between two
base beams. When compared with the traditional VCBTM, the only operation to be added is that
material parameters and resonant frequencies of both base beams should be measured before the
measurement of the sandwich beam specimen.

In conclusion, the present method breaks the restriction of preparing identical base beams in
the traditional VCBTM. It can prevent the waste of time in the critical specimen selection and is
propitious to diversity test specimens enriching the experimental data. Thus the proposed method is
in favor of broadening the application of the VCBTM to measure dynamic mechanical properties of
viscoelastic materials.
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