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Abstract: Due to the strong hydrogen bonding interactions, hindered phenol 3,9-bis[1,1-dimethyl-2{ -(3-tert-butyl-4-
hydroxy-5- methylphenyl)propionyloxy}ethyl]- 2,4,8,10-tetraoxaspiro[5,5]-undecane (AO-80) demonstrated a remarkable 
damping effect when it was hybridized with acrylic rubber (ACM). The loss factor of ACM could be largely increased and 
the position of loss peak could be regulated by controlling the content of the hindered phenol. This kind of high damping 
hybrids can be used as the laminated layer of sandwich beam for vibration control. Instead of the traditional method 
ASTM E756-98, a new method based on dynamic mechanical analyzer (DMA) was developed to characterize the 
damping behaviors of ACM/AO-80 laminated beam. Testing results demonstrated that DMA can reflect the variation of 
damping behaviors of sandwich beams with various factors effectively, and a theoretical model established here was 
used to explain the damping behaviors. Based on this model, by means of adjusting the content of AO-80, a high 
damping ability for the sandwich beam could be obtained at appointed temperature during a wide frequency range. 
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1. INTRODUCTION 

In the last decades, polymer is widely used in the 

field of low-frequency vibration and noise control, due 
to its high damping potential at the glass transition. 
Many approaches have been reported to broaden the 
glass-transition temperature (Tg), which can further 
improve the effective damping range. One of the most 
conventional ways is to mix several kinds of polymers 

with different Tg [1-3]; Interpenetrating polymer network 
(IPN) in which the phase-separated domain is limited to 
a very small size has been conformed to be a very 
effective structure as high-performance damping 
materials [4-6]; Addition of inorganic filler in polymer 
matrix is also a quite useful method to improve the 

damping behavior due to the friction between the filler 
and the chains of polymer [7-8]. Another concept is 
based on hybrid of a bifunctional small molecule with a 
polar polymer to control the microphase separation and 
crystallization of the added small molecules in the 
polymer matrix [9-12]. Not only the loss peak is 

improved, but also the effective damping range is 
broadened.  

In practical application, the polymeric damping 
materials are always laminated with other stiff sheets 
such as steel and aluminum. There are two main forms 
of damping treatments. One is extensional damping 
referred to as the free-layer damping treatment. The 
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other is shear damping referred to as the constrained-
layer damping treatment. Generally, the vibration 
damping properties of laminated beams can not be 
measured directly but instead are deduced from the 
response characteristics of them [13]. One measure of 

damping, known as the logarithmic decrement, is 
related to the ratio of the nth to the n+Nth cycle 
amplitudes of a cantilever beam which is deformed and 
then released from rest. The other method is the 
standard ASTM E 756-98, which is the common 
method of measuring the vibration damping property of 

a beam. The loss factor can be calculated around each 
resonance peak using the half-power bandwidth 
method [14, 15]. It should be pointed out that 
determination of the vibration damping behavior by 
these methods requires specialized and complicated 
measuring system, and the measurement is very 
expensive.  

The objective of this paper is to provide a simpler 

and cheaper method for investigating the damping 
behaviors of sandwich beams and to develop optimized 
sandwich beam structure having high damping property 
at appointed temperature during a frequency range (1 
Hz 600 Hz). This work consists of three parts. Firstly, 
we developed a new kind of organic hybrid with high-

damping performance and self-adhesive characteristic 
suitable as the damping layer of a sandwich beam; 
secondly, dynamic mechanical analyzer (DMA) was 
used to measure the vibration damping behaviors of 
sandwich beams. Finally, a theoretical model was 
established to characterize the vibration damping 
behaviors of sandwich beams.  
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2. EXPERIMENTAL 

2.1. Raw Materials 

Acrylic rubber (ACM) used in this study is a 
commercial grade (Nippl AR54, Nippon Zeon Co.). 

Hindered phenol 9-bis[1,1-dimethyl-2{ -(3-tert-butyl-4-
hydroxy-5-methylphenyl) propionyloxy}ethyl]-2,4,8,10- 
tetraoxaspiro[5,5]-undecane (AO-80, as shown in 
Figure 1) used as functional additive is a kind of 
commercial antioxidant (ADK STAB AO-80; Asahi 
Denka Industries Co.). 

2.2. Sample Preparation 

The ACM were kneaded by mixing rollers for 5 
minutes, and then, the AO-80 was added. The kneaded 
mixtures were compression moulded into sheets under 
a pressure of 10 MPa for 10 minutes at 150°C. The 

thickness of the prepared sheet was about 2 mm, and 
was used as the damping layer material. Here, 
aluminum sheet was chosen as the constraining layer. 
Because of the self-adhesive property for the ACM/AO-
80 hybrid, the constraining layer can be bonded with 
the ACM/ AO-80 hybrid directly. The sandwich was 

achieved by pressing the constraining layer laminated 
with a damping layer under 0.2 MPa pressure at room 
temperature. The thickness of the damping layer was 
controlled by the pressing time, and 4 samples with 
different damping layer components were prepared as 
listed in Table 1. 

2.3. Dynamic Mechanical Analysis (DMA) 

Because the damping layer undergoes pure shear 
in the sandwich structure, solid shear mode was 
selected to measure the dynamic mechanical 
properties of ACM/ AO-80 hybrids with a strain set at 
0.07% [14] by the dynamic mechanical analyzer 
(Rheogel-E4000; UBM Co.). Specimens for the 
measurements were prepared as 6 mm in length, 6mm 
in width, and 2 mm in thickness. The temperature 
dependence of tan  was measured at a constant 
frequency of 11 Hz with a heating rate of 3°C/min, and 
the frequency dependence of dynamic shear modulus 
and tan  was measured during a frequency range 
from 1 Hz to 600 Hz at a series of temperatures.  

DMA is a powerful tool for measuring the variation 
of loss factor of a material with many factors and has 
been widely used by researchers. Therefore, an 
attempt was made here to measure the vibration 
damping behaviors of sandwich beams by DMA. In 
practice, the ends of many apparatuses are fixed and 
there is a vibration in the middle of the body. So, the 
sandwich beam tested here has a boundary condition 
that both ends of the beam are clamped with a 
concentrated sinusoidal load P0e

i t applied at the 
midpoint of the constraining layer as depicted in 
Figures 2 and 3 shows the dynamic mechanical 
analyzer (Rheogel-E4000; UBM Co.) installed with the 
sandwich beam, and the testing conditions are listed in 
Table 1. 

 

Figure 1: Chemical structure of AO-80. 

Table 1: Dimensions and Testing Conditions of the Tested Samples 

Thickness 

(mm) Sample 

Code 

Length 

(mm) 

Width 

(mm) Damping 

Layer 

Constraining 

Layer 

Composition 

of the Damping 
Layer 

Composition 

of the 
Constraining 

Layer 

Measuring 

Temperature 

(°C) 

Measuring 

Frequency 

(Hz) 

1 30 4 0.10 0.78 
ACM/AO-80 

(100:40) 
Al 0°C~50°C 1Hz~600Hz 

2 30 4 0.10 0.78 
ACM/AO-80 

(100:80) 
Al 0°C~50°C 1Hz~600Hz 

3 30 4 0.10 0.78 
ACM/AO-80 

(100:120) 
Al 0°C~50°C 1Hz~600Hz 

4 30 4 0.10 0.78 
ACM/AO-80 

(100:160) 
Al 0°C~50°C 1Hz~600Hz 
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Figure 2: Sketch of the sandwich beam under a clamped-
clamped boundary condition. 

 

 

Figure 3: Dynamic mechanical analyzer (Rheogel-E4000; 
UBM Co.) used in the investigation. 

3. RESULTS AND DISCUSSION 

3.1. Viscoelastic Properties of ACM/AO-80 Hybrids  

Figure 4 shows the temperature dependence of the 
loss factor (tan ) at11 Hz for ACM hybrids added with 
different content of AO-80. As shown in the figure, a 
high single tan  peak appears after the addition of AO-

80, demonstrating that AO-80 is compatible with ACM. 
Moreover, the maximum value of the tan  peak 
increases and the peak location shifts to higher 
temperature with increasing the content of AO-80. 
These phenomena can be attributed to the dissociation 
of the hydrogen bonds of AO-80 [10, 16] and the 

existence of intermolecular hydrogen bonds between 
ACM and AO-80 [17]. Kerwin indicated that a higher 
loss factor of viscoelastic materials will conduce to the 
damping capacity of sandwich [18]. Therefore 
ACM/AO-80 hybrids are used as the damping layer in 
this investigation. 

 

Figure 4: The temperature dependence of loss factor (tan ) 
at 11Hz for ACM and ACM/AO-80 hybrids. 

It is well known that the damping property of a 

polymer is determined by the cooperation of 
temperature and frequency. The temperature 
dependence of tan  at 11Hz for ACM/AO-80 hybrids is 
shown in Figure 4. In order to reveal the influence of 
frequency on the damping peaks, the time-temperature 
superposition principle was used and the William–

Landel–Ferry (WLF) equation was applied to obtain the 
master curves for the shear loss tangent over a wide 
frequency range. A series of measurements on 
frequency dependence of dynamic mechanical 
properties were performed at various temperatures 
near the corresponding glass transition temperature for 

ACM/AO-80 hybrids. The testing frequencies for these 
measurements were in the range from 1 Hz to 600 Hz. 
In accordance with these results, the constants in the 
WLF equation were obtained as C1 101 and C2 17. 

Figure 5 exhibits master curves of the shear loss 
tangent vs frequency for various ACM/AO-80 hybrids 
with respect to reference temperatures near the 
corresponding glass transitions. If tan  1 is taken as 

the criterion for a high damping property, it can be 
found from this figure that the high damping demand 
can be satisfied during a frequency range from 1 Hz to 
800 Hz. Therefore, the following measurement for the 
sandwich beam is carried out from 1Hz to 600Hz 
(considering the DMA security, the frequency value 
should not be set too high).  

3.2. Vibration Damping Behaviors of Sandwich 
Beams 

Figure 6 shows the variation of structural loss factor 

 S
 with frequency for sandwich beam laminated with 

ACM/AO-80 (100:40) at different temperatures. It can 
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be seen from this figure that the tendency of 
 S

 with 

frequency varies considerably at different 

temperatures. At 0°C, the 
 S

 decreases with 

frequency, whereas the 
 S

 keeps increasing with 

frequency at 10°C, and it increases at first then 
decreases with frequency at 5°C. This phenomenon 

indicates that the 
 S

 of the sandwich beam is affected 

by temperatures and frequencies significantly. If a 
frequency range from 1 Hz to 600 Hz is selected for 
damping application, 5°C is preferable than other two 
temperatures. 

Figure 7 shows the variation of structural loss factor 

 S
 with frequency for sandwich beams having different 

damping layer components at 20°C. It can be seen 
from this figure that different content of AO-80 in 
organic hybrids lead to distinct vibration damping 
behaviors. When the content of AO-80 is increased 

from 40 phr to 80 phr, a 
 S

 peak appears and the 
 S

 of 

it is much higher than that of the sandwich beam 
laminated with ACM/AO-80 (100:40). This means the 
ACM/AO-80 (100:80) laminated beam has better 
damping ability at 20°C during a frequency range from 
1Hz to 600Hz.  

DMA test results show that sandwich beams exhibit 
different vibration damping behaviors with the variation 
of temperature, frequency, and composition of the 
damping layer. Though the method proposed here is 

different from the standard ASTM E 756-98, it can 
reflect the variation of structural loss factor with various 

 

Figure 5: Frequency dependence of loss tangent for ACM/AO-80 hybrids with respect to reference temperatures near the 
corresponding glass transitions. 

 

Figure 6: Variation of structural loss factor 
 S

 with frequency 

for sandwich beam laminated with ACM/AO-80 (100:40) at 
different temperatures. 
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factors. The correlation between the two methods will 
be investigated in the next work. 

 

Figure 7: Variation of structural loss factor 
S
 with frequency 

for sandwich beams laminated with different composition at 
20°C. 

4. THEORETICAL ANALYSIS  

In order to illustrate the phenomena mentioned 
above and characterize the damping behavior of the 

sandwich beam, a theoretical model was established. 
The damping of a system under steady state vibration 
can be expressed by the structural loss factor, which is 
the ratio of the energy dissipated per cycle to the 
maximum strain energy in the system [13]. That is,  

 S
= W/2 W

S
            (1) 

The calculation of  W could be conducted using an 
energy consuming model proposed by Plunkett [19]. 
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The maximum strain energy in a base layer has the 
similar formation 
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Where 
  
I

2
 and 

  
I

3
 are moments of inertia of the 

constraining and base layer, separately; 
 2

 and 
 3

 are 

curvature radii of the constraining and base layer, 
separately. Due to the much lower modulus of the 
damping layer compared with that of the constraining 
layer, the maximum strain energy in the damping layer 
is negligible. Thus, the maximum strain energy of the 
system can be represented as: 
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Because the laminate is symmetric, the base layer 

is equal to the constraining layer, and 
  
E
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The strain at the interface of the base layer and the 
damping layer is  

  0
= h

3
/ 2( ) d 2 y / dx2( ) = h

3
/ 2( ) 1/

3
( )           (7) 

So eq. (2) can be written as: 
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sinh cos / 2( ) sin / 2( ) sin sin / 2( ) cos / 2( )
cosh[ cos / 2( )] + cos[ sin / 2( )]

  (8) 

Substituting eqs. (8) and (6) into eq. (1), finally, the 
expression of the structural loss factor is obtained:  

  
S
= W/2 W

S
= m

1
 

sinh cos / 2( )[ ]sin / 2( ) sin sin / 2( )[ ]cos / 2( )
cosh[ cos / 2( )] + cos[ sin / 2( )]

 (9) 
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Where, 

  

m =
6 1 /

3

2( )
1 /

3

2

+1 /
2

2( )
. 

Figure 8a and 8b separately show the comparison 
between the measured values and calculated values 
based on eq.(9) for sandwich beams laminated with 
ACM/AO-80(100:40) and ACM/AO-80(100:80). The G* 

and tan  of the damping layer materials used in eq.(9) 
are shown in Figures 9 and 10, separately. Because 
the storage modulus of the constraining layer is 
insensitive to the testing frequency, according to DMA 
test data, the value is set to 5.3 1010 Pa. An agreement 
between the measured values and the calculated 
values derived from eq. (9) can be found in Figure 8.  

 

Figure 8: Comparison between the measured values and 
calculated values for sandwich beams laminated with 
ACM/AO-80(100:40) or ACM/AO-80(100:80). 

Figure 11 describes the variation of 
 S

 with the 

shear modulus and loss angle of the damping layer 
materials based on eq.(9) for sandwich beam 
laminated with ACM/AO-80 (100:40). It can be found 

the G* corresponding to the maximum 
 S

 in Figure 11 

is 2.2 107 Pa. This implies that in order to obtain a high 
damping property for the sandwich beam, a shear 
modulus G* near 2.2 107 Pa is needed. Figure 12 
shows the variation of G* with frequency at different 
temperatures for ACM/AO-80(100:40). It can be found 

from this figure that the frequencies corresponding to 
the modulus (2.2 107 Pa) are quite distinct at different 
temperatures. When the temperature is 5°C, the 
frequency with a corresponding modulus 2.2 107 Pa is 
located near 120Hz, whereas a higher frequency is 
needed at 10°C and a lower frequency is necessary at 

0°C. Thus, a 
 S

 peak will appears near 120Hz when 

the temperature is 5°C, and the measured result shown 
in Figure 6 testifies the prediction. Because when the 
temperature is 10°C, a higher frequency is needed for 
ACM/AO-80 with a shear modulus G* 2.2 107 Pa, the 

 S
 increases with the frequency increases (shown in 

Figure 6) is easy to understand. Analogously, the 
 S

 

will decrease with the increase of frequency when the 
temperature is 0°C. A similar tendency based on eq.(9) 
can be deduced for sandwich beam laminated with 
ACM/AO-80 (100:80).  

The discussion above proves that the vibration 
damping behaviors of sandwich beams can be 
characterized according to the model established here, 

 

Figure 9: Frequency dependence of G* and tan  at 5°C for 
ACM/AO-80 (100:40). 

 

 

Figure 10: Frequency dependence of G* and tan  at 20°C 
for ACM/AO-80 (100:80). 
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and the phenomena measured by DMA were illustrated 
by this model. 

 

Figure 11: Variation of 
 S

 with the shear modulus and the 

loss angle of the damping layer material based on eq. (9) for 
sandwich beam laminated with ACM/AO-80 (100:40). 

 

 

Figure 12: Frequency dependence of G* for ACM/AO-80 
(100:40) at different temperatures. 

5. DESIGNING SANDWICH BEAMS 

Generally speaking, the higher the loss factor of the 
damping layer material, the more favorable for the 
enhancement of the structural loss factor of a sandwich 
beam. Figure 4 shows a tan  peak exists for ACM/AO-
80 (100:40) at 11Hz when the temperature is 10°C. 
However, we can find from Figure 6 that when the 

temperature is set as 10°C, there is no 
 S

 peak 

appearing for ACM/AO-80 (100:40) laminated 
sandwich beam during a frequency range from 1Hz to 
600Hz. This means there is not the necessity that the 
maximum loss factor of a damping layer material leads 

to the maximum structural loss factor of the 
corresponding sandwich beam. As it is shown in Figure 
11, there is a discrepancy between the loss angle peak 
and the structural loss factor peak. When the loss 
angle of the damping layer reaches the maximum value 
1.159, the corresponding modulus is 3.2 106 Pa, 
whereas the maximum structural loss factor needs a 
higher corresponding modulus (2.2 107 Pa) and the 
corresponding loss angle is 0.85. Therefore, in addition 
to the loss factor of the damping layer material, shear 
modulus G* is another important element affecting the 
structural loss factor. Compared with the corresponding 
modulus of the maximum loss angle of the damping 
layer material, a higher modulus of the maximum 

structural loss factor implies that the 
 S

 peak will 

appear at a lower temperature, provided that the 
frequency is the same. 

We can find from Figure 6 that a relatively high 
 S

 

(
S
 > 0.2) can be maintained during a frequency range 

from 50 Hz to 550 Hz at 5°C. This damping property 
can not be obtained at other temperatures when the 
frequency is confined in a range from 1 Hz to 600 Hz. If 
ACM/AO-80 (100:40) is selected as the damping layer 
material, and the frequency is limited in a range no 
higher than 600Hz, 5°C is preferential than other 
temperatures. As mentioned above, temperature 

appearing the 
S
 peak is always lower than the 

temperature appearing the tan  peak of the 
corresponding damping layer material, in order to 
obtain a high damping property for the sandwich beam 
over a wide frequency range near room temperature, 
the loss factor peak of the ACM/AO-80 need shift to a 
temperature higher than room temperature. Because 
the compatibility between the AO-80 and ACM, and the 
inherent high damping property of AO-80 [16] at a 
relatively high temperature, the addition of AO-80 in the 
ACM matrix can make damping peak shifts to a higher 
temperature and high damping peaks can be obtained 
as shown in Figure 4. Thus ACM/AO-80 hybrids mixed 
with different content of AO-80 are selected as the 
damping layer materials for sandwich beam. Figure 13 
shows the damping behaviors of sandwich beams 
laminated with different ACM/AO-80 hybrids at a series 
of pointed temperatures during a frequency range from 
1Hz to 600Hz. For the comparison convenience, the 
calculated values derived from eq.(9) are also listed in 
Figure 13. It can be found from this figure that a 
relatively higher structural loss factor appears within a 
certain temperature range, beyond this temperature 
range, the structural loss factors drop rapidly. With the 
increase of the AO-80 content, the structural loss factor 
peak shifts to a higher temperature, especially 
ACM/AO-80 (100:80) laminated sandwich beam has a 
high damping property near room temperature. It can 
be also found from Figure 13 that the variation 

tendency of the 
 S

 peak temperature with the increase 



8     Journal of Research Updates in Polymer Science, 2016, Vol. 5, No. 1 Li et al. 

of AO-80 is similar to that of the tan  peak 
temperature of the corresponding damping layer 

material, but the temperature appearing the 
 S

 peak is 

relatively lower. In this way, we can adjust the content 
of AO-80 to achieve a high damping property for 
sandwich beam at a pointed temperature during a 
frequency range from 1Hz to 600Hz, and the 
theoretical model proposed in this paper is an effective 
method to predict the possible position appearing the 
high damping property for the sandwich beam. 

6. CONCLUSIONS 

High damping materials were prepared by ACM/AO-
80 hybrids. Hinder phenol AO-80 is very effective for 
improving the damping ability of ACM, and ACM/AO-80 
hybrids were selected as the damping layer materials.  

A new approach by DMA with a boundary condition 
that both ends of the beam are clamped with a 
concentrated sinusoidal load P0e

i t applied at the 

midpoint of the constraining layer was used to measure 
the vibration damping behaviors of sandwich beams, 
and a theoretical model was established to 
characterize the damping behavior of the sandwich 
beam effectively. Though this method is different from 

the standard ASTM E 756-98, it can reflect the 
variation of structural loss factor with various factors. 
On the other hand, due to the popular application of 

DMA, it has the possibility to become a new way to 
measure the vibration damping behaviors of sandwich 
structures. 
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