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Preparation and Damping Properties of Al2O3 Hollow 
Spheres/Epoxy Composites Encapsulating Q195 Steel Pipes 
Yang Zhang1,* and Li Zhan1 

Abstract 
 

In this paper, a series of hollow spheres/epoxy resin encapsulated steel pipe structures were made by using Al2O3 hollow 
spheres with macromolecule materials for encapsulation. The microstructures of Al2O3 hollow spheres, Al2O3 hollow 
spheres/epoxy resin composites and their interfaces were studied by scanning electron microscopy (SEM). When the volume 
fraction of 78% Al2O3 hollow spheres was selected for the matrix filling, it could form a good overall with the matrix, and 
there was no obvious interface. In addition, the damping properties of Al2O3 hollow spheres epoxy resin were evaluated by 
the vibration test. The results showed that epoxy matrix was combined well with steel sheets and the hollow spheres were 
uniformly distributed in epoxy resin. Natural frequency of different encapsulated elements was measured by vibration test, 
and the first natural frequency of each potting steel tube was 18 ~ 30 Hz lower than that of the steel tube. The first order 
natural frequency of the filling steel tube had a certain relationship with the volume fraction of the hollow spheres, the 
diameter of the hollow spheres and the thickness of damping materials.   
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1. Introduction  

Recent years, the number of vibration facilities and high-

power machinery which can produce strong vibration, has 

increased with the development of modern industries. While 

the vibration damage is becoming more and more serious due 

to various machinery operation and working process.[1] In 

military, because of the development of weaponry and aircraft 

with high speed and high-power, aerocraft like rocket and 

missile are affected by engine and airflow during flying. Thus, 

the vibration and harmonic response generated can lead to a 

harder working environment for precision navigational 

instrument and optical system and it is difficult to guarantee 

the precision. As shown in the failure analysis of aerospace 

crafts like rocket, satellite and airship, about two thirds of 

faults are related to vibration and noise.[2,3]  

Recently, active control methods such as vibration 

isolator and elastic device were used to perform vibration 

damping of aerospace equipment and devices. However, there 

are some limitations on shock absorbers actively performing 

vibration-damping: 1) heavy; 2) higher magnification during 

resonance; and 3) larger space needed.[4,5] Therefore, passive 

control technique, which has been developed with vibration 

damping technique based on elastic damping materials, 

provides an economic and effective way to solve the multi-

resonance peak vibration problems.[6-8] In recent years, people 

are engaged in designing suitable constrained damping layers 

(“sandwich structure”). However, this composite structure has 

higher weights and the original component’s structure needs 

to be changed, which is difficult to be applied to the devices 

with special requirements.[9-11] It requires that the damping 

material should have lower density and higher damping 

properties. Under the premise of keeping the original structure, 

the damping material can be filled into the cavity of engine 

and truss of rocket connection to characterize the original 

bearing and connecting structures with damping properties. 

Therefore, energy could be consumed to reduce the vibration 

and the noise.[12-14]  

Foam composites are novel structures and functional 

composites made by polymers being filled with cenospheres, 

which have been widely used in the fields of aerospace, 

national defense, transportation, construction, etc.[15-17] From 

this paper, Al2O3 hollow sphere are used as hole carrier. From 
the point of view of material design, light and high damping 

Al2O3 hollow sphere/epoxy composites can be available. In 

order to study the influence of size and volume fraction of 

Al2O3 hollow spheres for damping properties, comparative 
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study was also made on the damping properties of Al2O3 

hollow spheres/epoxy composites. Materials mentioned 

before were encapsulated into steel pipes as encapsulating 

damping materials and encapsulating steel pipes were 

obtained after compound effect. Then researches were 

conducted to study their damping properties. More 

importantly, this research has positive influences on 

promoting the recycle of discarded resources, environmental 

protection, reducing energy consumption and sustainable 

society. 

 

Fig. 1 Macrographs of Al2O3 hollow spheres. 

2.  Experimental 

2.1 Material preparation 

Raw materials and parameters in this experiment are listed in 

Table 1. As shown in Fig. 1, experiment material Al2O3 hollow 

spheres were filtrated and the direct measurement is adopted to 

statistically analyze Al2O3 hollow spheres’ diameters. Then the 

wall thicknesses of Al2O3 hollow spheres was estimated ac-

cording to their average sphere diameters and densities. Vol-

ume fraction (Vf) values was obtained through sphere diameters 

and wall thicknesses. Finally, the average value of Vf was ob-

tained through a statistical approach. The Al2O3 hollow spheres 

used in this research was purchased from Zhengzhou Yuli In-

dustry Co. Ltd.  

2.2 Surface treatment of steel sheet 

Encapsulating steel pipes should maintain their high damping 

properties and certain strength to bear applied forces like 

pulling, pressing, and bending. The surface cohesiveness 

between damping materials and encapsulating steels can 

seriously affect the usability of encapsulating steel pipes 

considering the applied forces like pulling, pressing, bending 

accrued during its service performance. 

Because of the poor adhesion and cohesiveness between 

steel and mixed slurry, the inner surface of steel pipes should 

be pre-treated to enhance their bond properties.[18,19] The 

treatment processes of pipe inner surface are as follows: 1) 

descaling and buffing; 2) oil removing by alkali solution; 3) 

cleaning by acetone; 4) ultrasonic oscillation; 5) processing by 

coupling agents; and 6) high-temperature drying. Considering 

the fact that there is no cohesiveness between hollow sphere 

and pipe inner surface, the boundary bonding performance 

between epoxy resin and inner pipe surface is mainly studied 

during the experiment. Because there is an enclosure space 

inside the steel pipe, whose section is a round shape, it is 

impossible to observe the cohesiveness between epoxy resin 

material and interface of steel pipe after encapsulating 

precisely. Simulated samples of steel sheet/epoxy resin are 

taken as the substitutes in this test, because the sample is 

difficult to be intercepted from the encapsulating steel pipes. 

 

 

Table 1. The experimental material species and parameters. 

Name Species  Parameters 

Epoxy E-51 Epoxy equivalent 74~208 g/mol 

Epoxy value 0.52~0.58 mol/100g 

Solidified agent Methyl hexahydrophthalic 

anhydride 

 

Epoxy reactive diluents Epoxy propane butyl ether (501) Molecular weight120 

Boiling point180℃ 

Silane coupling agent γ-aminopropyl triethoxy silane  

Solidified agent A- toluene -2 

4-diisocyanate(2,4-TDI) 

B- polyethylene glycol 

 

Steel pipe Q195  Length (L) 260 mm, inner diameter of 

steel pipe (Di) 24 mm, tube thickness 

(s)1.4 mm and 2.8 mm 

Al2O3 hollow spheres 

(filler) 

 Density 0.42-0.56 g/cm3 

Sphere diameter 2-4 mm 

Wall thickness 40.1-88 μm. 
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2.3 Preparation of encapsulating materials  

 

 
Fig. 2 Macrograph and sectional graph of hollow spheres/EP 

encapsulating steel pipes (a) macrograph, (b) sectional graph. 

 

 
Fig. 3 Micrographs of Al2O3 hollow spheres (a) the outside of 

micrograph, and (b) the interior of micrograph. 

First, epoxy resin E-51 was mixed with solidified agent and 

auxiliary agent in a pot with water. It was stirred at a constant 

temperature of 65 oC (the weight of ratio of epoxy E-51 to 

solidified agent and auxiliary agent was 5:2). After being 

homogenized, toluene-2, 4-diisocyanate(2,4-TDI) and 

polyethylene glycol were orderly added to the solution 

(Adding toluene-2,4-diisocyanate (2,4-TDI) and polyethylene 

glycol in turn according to the proportion of 3:2 after evenly 

stirring, and fully and evenly stirring.). All of these were then 

mixed evenly. Epoxy resin mixed slurry was made through 

above steps. In this paper, Q195 steel pipes were used as 

encapsulating material. Encapsulating damping pipes were 

available if the mixed slurry was filled into steel pipes and 

solidified after inner surface-treating steel pipes.  

The specific steps can be stated as follows: (1) surface-treat 

the inner wall of Q195 steel pipes; (2) take steel wire mesh to 

seal one end of Q195 steel pipes and put surface-modified 

Al2O3 hollow spheres into the steel pipes; (3) gradually inject 

the prepared resin from the other end of the steel pipes to make 

sure the resin evenly flow through the Al2O3 hollow spheres; 

and (4) by putting encapsulating steel pipes into the drying 

oven to make it solidify, the steel pipes were then encapsulated 

by the Al2O3 hollow spheres/epoxy composites. Fig. 2 shows 

the macrographs and sectional graphs of hollow spheres/epoxy 

encapsulated steel pipes.  

2.4 Morphology observation  

Morphology observation: Scanning electron microscope 

(SEM) was used to conduct the microstructure observation: (1) 

observe two kinds of Al2O3 hollow spheres’ character of 

surface appearances. The internal structures and specific 

values are shown in Table 2; (2) observe the degree of binding 

between resin matrix and hollow spheres in Al2O3 hollow 

spheres/epoxy; and (3) observe the binding condition between 

steel sheets and epoxy resin matrix after surface treatment for 

steel sheets. 

 
2.5 Performance test 

Performance test: Vibration test systems Model D-300-3 

dynamic analysis system was used to carry out the spectrum 

analysis for excitation signal and acceleration sensor response 

signal to obtain the natural frequency and amplitude of 

modeling longitudinal vibration, which can be used to evaluate 

vibration damping effects of encapsulating steel pipes. The 

experimental device includes a STI Vibration table, LDS 

Dactron system, acceleration sensor, charge amplifier, 

vibration control box and so on. The test condition was to adopt 

white noise sweep frequency and fixed frequency test mode, 

respectively. The frequency range of the white noise frequency 

sweep test is 0 ~ 2250Hz, and the fixed frequency test selects 

the vibration frequency of 50Hz, the first order natural 

frequency (F1), √2 F1, 200Hz, 250Hz, 500Hz, 1000Hz, 

1500Hz and 2000Hz. 

In this research, Vibration Test Systems Model D-300-3 

dynamic analysis system was used to carry out the spectrum 

analysis of excitation signal and acceleration sensor response 

signal, in order to obtain the natural frequency and amplitude 

of modeling longitudinal vibration. Then the transmission ratio 

(T) of vibration damping (vibration isolation) can be calculated 

by the comparison of the peak acceleration to evaluate the 

 b a 

 b a 

Table 2.  Physical parameters of two kinds of Al2O3 hollow spheres 

Sphere 

diameter (mm) 

Density 

(g/cm3) 

Porosity 

(%) 

Wall thickness 

(μm) 

2~4 0.46 88.2 41.5~83 

0.5~2 0.52 86.7 11.5~41.5 
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effect of vibration damping properties of encapsulating steel 

pipes.  

The transmission ratio (T) of vibration damping 

(vibration isolation) can be expressed as Equation (1): 

                    

0

B
T

A
=                                  (1) 

where A0 is the excitation amplitude, and B is the response 

amplitude of sensor. 

3. Results and discussion  

3.1 SEM analysis  

Fig. 3 shows the SEM images of Al2O3 hollow spheres. As 

shown in Fig. 3(a), Al2O3 hollow spheres are spherical parti-

cles with a few small pores and micro filled substances. In Fig. 

3(b), Al2O3 hollow spheres present continuous pore structure 

whose wall thickness is relatively thin, so the porosity is higher.  

SEM observation on Al2O3 hollow spheres/epoxy is used to 

observe the binding levels between resin matrix and hollow 

spheres. From Fig. 4, taken 78 vol% of Al2O3 hollow spheres 

as example, when the Al2O3 hollow spheres are filled into the 

matrix, some of the matrix can penetrate into Al2O3 hollow 

spheres to make the openings filled by the matrix. Thus the two 

substances are combined together without any clear boundaries. 

Fig. 4(b) also proved that most of the openings are permeated 

by the matrix and a small number of openings in the photo are 

closed. This demonstrates that the binding strength is higher 

than that of the hollow spheres. 

SEM observation on interface between epoxy matrix and 

steel sheets is used to observe whether the steel sheets can bind 

well with epoxy resin matrix after surface treatment. As shown 

in Fig. 5, the steel sheet, epoxy resin and epoxy interfaces can 

be clearly distinguished from SEM photographs. The interfaces 

are very clear without any interfacial debonding and separation, 

which indicates that the interfaces are well-bounded and it 

proves the good adhesion between epoxy resin and steel sheets. 

Under the temperature of 65oC, the epoxy viscosity is low (956 

mPa·s) and the flow ability of the epoxy is good.[20] As a result, 

epoxy resin can flow through Al2O3 hollow spheres and out 

from steel wire mesh in a short time before being solidified, 

leaving a very small amount of resin on the steel sheets and the 

surfaces of Al2O3 hollow spheres. By using the adhesiveness of 

epoxy resin, the bonding effect between hollow spheres with 

big diameter and steel pipes has been produced. 

3.2 Vibration damping properties 

Test of first-order natural frequency (f1) 

 Usually the system has several natural frequencies, the lowest 

of which is called the first-order natural frequency. Table 3 

shows the first-order natural frequency of Al2O3 hollow 

spheres/epoxy encapsulating steel pipes measured by the vibra-

tion test. From the comparison of the data in the table, the ef-

fects of the volume fraction (Vf) of the hollow spheres, the di-

ameter of the spheres (d) and the thickness of damping material 

(H) on the first-order natural frequency of the Al2O3 hollow 

spheres/epoxy potted Q235 steel pipe are mainly discussed. 

According to the data in Table 3, as the wall thickness of steel 

pipes is reduced to half, its first-order natural frequency is re-

duced by 34 Hz and the first-order natural frequency of every 

encapsulating pipe drops by 18~30 Hz than that of steel pipes.  

3D relationship among the first-order natural frequency (f1) 

and hollow spheres’ volume fraction (Vf), sphere diameter (d) 

and damping material thickness(h) was drawn in Fig. 6. The 

regularity of hollow spheres/epoxy encapsulating steel pipes 

versus Vf, d and h can be clearly obtained from Fig. 6. 

 

 
Fig. 4 Morphology of precipitator-FA/epoxy syntactic foams (a) 

macroscopic image of the fracture surface; and (b) higher magni-

fication of local area. 

 

Fig. 5 SEM photographs of the steel sheet/EP interfaces.

 a b 

Closing hole 

 a b 

Closing hole 

 

 Resin 

Metal sheet 
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Table 3. Numbering, name and natural frequency of Al2O3 hollow spheres/EP encapsulating steel pipes. 

 

No. 

Volume fraction 

Vf (vol.%) 

Diameter 

D (μm) 

Damping material thickness 

H (mm) 

Wall thickness 

h1(mm) 

Natural frequency 

f1 (Hz) 

1 0 0 0 

1.5 

 

136 

2 30 

120 

 4 

119 

3 40 123 

4 50 126 

5 70 128 

6 

30 

74 118 

7 206 120 

8 120 2 123 

9 0 0 0 

3 

102 

10 

88 

 

2000~4000 

5 88 

11 7 82 

12 9 78 

13 13.5 72 

14 500~2000 5 85 

As shown in Table 3, Fig. 6(a) and (c), when d is 

the same as h, encapsulating pipe f1 gradually in-

creases with the increase of hollow spheres Vf. When 

Vf and d are fixed, encapsulating pipe f1 increases with 

the decrease of h. When Vf  is the same as h, encapsu-

lating steel pipe f1 slightly increases with the increase 

of d, but the variation is not obvious. 
From the calculation principle of natural frequency, 

where m   is the mass of the object (kg), k   is the stiffness 

coefficient of the object (N/m), and T  is the period (s). 

                             
k

T
m

2=                               (2) 

It can be seen that the value of natural frequency is related to 

its stiffness and quality (proportional to stiffness and inversely 

proportional to quality), which can be referenced to predict the 

variation of encapsulating steel pipe’s natural frequency in this 

research.  

The quality of encapsulating steel pipe increases with the 

increase of hollow sphere Vf. However, the natural frequency 

increases because the component’s stiffness increases more 

significantly. Compared to the stiffness, the quality of 

encapsulating steel pipe decreases more significantly with the 

decrease of h, so the natural frequency increases. For the 

hollow spheres with different d, as there is few difference in 

their density, the quality variation of the encapsulating steel 

pipe is not evident. As a result, the variation of the 

encapsulating steel pipe’s natural frequency is also not evident.  

The comparison of response amplitude in the frequency 

range from 10 to 2450 Hz 
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Fig. 7 The curves of response amplitude vs. frequency. 
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Fig. 7 indicates that when the frequency ranges from 10 to 

2450 Hz for No.1-14 specimens. The curves of response  

amplitude vary with the frequency after being vibrated. As the 

vibrational energy in the first-order natural frequency accounts 

for more than 90% of the total energy in the system, this paper 

mainly studies the vibration damping properties under the first-

order natural frequency (f1) of each encapsulating pipe. It can 

be seen that the frequency at peak acceleration is the first-order 

natural frequency of each encapsulating pipe. The peak 

acceleration of Q195 steel pipes is higher while the peak 

acceleration of each encapsulating pipe decreases distinctly 

after the damping materials are encapsulated into Al2O3 hollow 

spheres/epoxy. 

 
The peak acceleration of f1 in Fig. 7 is plotted to obtain 

the variation shown in Fig. 8. As shown in Fig.8, under f1, the 

response amplitude (near 5 m/s2) of the Q195 steel pipes is 4-

8 times higher than that of hollow spheres/epoxy 

encapsulating steel pipes (0.6~1.4 m/s2). This indicates that 

after encapsulating Al2O3 hollow spheres/epoxy damping 

materials, the vibration response amplitude of the 

encapsulated Q195 steel pipe is greatly reduced compared 

with the vibration response amplitude of the steel pipe itself, 

and the damping performance is significantly enhanced. 

Therefore, it can be concluded that Al2O3 hollow sphere/epoxy 

resin has a better damping effect. 

 

Conclusions 

(1) The f1 of the Q195 steel pipe drops 18~30 Hz after being 

encapsulated with Al2O3 hollow spheres/epoxy. The f1 

increases with the increase of Vf, which has less correlation to 

sphere diameter; f1 decreases with the increase of the damping 

layer thickness. 

(2) By comparing the damping properties of Al2O3 hollow 

spheres/epoxy foam composites with encapsulating Q195 

steel pipes, it can be found that these two materials are well 

related to each other: the damping material is the determinant 

for encapsulating pipes’ properties.  

(3) In the case of f1, the response amplitude of Q195 steel pipe 

(close to 5m/s2) is 4 ~ 8 times higher than that of hollow sphere 

epoxy resin filled steel pipe (0.6 ~ 1.4 m/s2), which shows that 

 

 

 
 

Fig. 6 The 3D relationship among the f1 and the Vf, 

d and h (a) and (b) fly ash; (c) Al2O3 hollow spheres 

(a) f1 ~ Vf ~ h; (b) and (c) f1 ~ d ~ h. 
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the hollow sphere epoxy resin filled steel pipe has better 

vibration damping characteristics and hollow sphere epoxide 

resin has a better vibration damping effect. 

(4) The optimization design of component’s natural frequency 

and damping property can be achieved by changing the 

parameters of the damping materials (hollow sphere Vf and 

material thickness). Based on the analysis and comparison of 

damping properties of foam composites and encapsulating 

steel pipes, 30vol.%-120μm Al2O3 hollow sphere/epoxy foam 

composites have been determined as the final encapsulating 

damping material for the sake of optimizing damping structure. 
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