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Abstract The acoustic properties of three kinds of

polymeric micro-particle materials have been investi-

gated. Based on it, a novel sound absorption material

with multi-layered structure has been fabricated by

using polymeric micro-particles with low reflection as

matching layer and high sound absorption one as sound

energy attenuation layer. To optimize the absorption

characters in demanded frequency regions, a double

impedance matching layers have been created. The

experimental results show that the particle materials

fabricated by the principle of impedance matching

processes excellent sound absorption character in wide

frequency regions.

Introduction

In these years, due to heavy increase of sound

generation source, such as population concentration

in the cities and high-speed, high-output implementa-

tion of machines, the noise problem are becoming

serious. An increasing demand regarding the human

environment and diversification of life styles makes the

solution of this problem pressing, and therefore noise

control materials, such as polyurethane foam sheets

and glass walls, are widely used. However the sound

absorptions of those materials are strong in high-

frequency regions, while relatively weak in low-fre-

quency regions because of the low capacity of sound

energy attenuation.

So many studies turn to the material with high

sound attenuation capacity, including powder and

granular materials that have excellent sound absorp-

tion characters, especially in low frequency region.

Allard et al. [1] predicted the surface impedance of a

layer of glass beads using the macroscopic parameters

such as tortuosity, characteristic dimensions, et al,

which are not easy to be obtained. Okudaria et al. [2]

and his group investigated the relations of the

absorption characters of six powder beds and their

physical properties, and found powder materials have

characteristic absorption peak, but the peaks are

narrow. Recently, polymeric particles are extensively

applied for absorption of sound and reduction of

noise. Its attractive properties include its excellent

viscoelasticity, relatively simple processing character-

istics, and the fact it is commercially available.

Voronina and Horoshenkov [3] and Swift et al. [4]

studied the absorption characters of recycled rubber

granulates, by using flow resistivity and physic no-

acoustic parameters to prediction the absorption

coefficients of the granulate materials. Ootsuta and

Shuichi [5] developed an acoustic panel using sound-

absorbent plastic acoustic-insulation material formed

by subjecting thermoplastic resin beads to heat

pressure. Unfortunately for the distinctly impedance

mismatching between absorber and air, the absorption

characters are not so good in wide frequency region.

To reduce the mismatching extent between the

particles with high sound attenuation capacity and

the air, Forest et al. [6] employed a matching layer to
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overcome this problem. Zhou et al. [7] using poly-

urethane foam as matching material, created a novel

sound absorption materials of polymeric particles so

as to the sound wave can easily go into the sound

absorption material and be attenuated by the poly-

meric particle.

Aim to above gaps, in this paper, a two-thickness

method has been used to calculate the characteristic

impedance of model materials of polymer particles:

WR (wasted rubber granulate) particles, PP (poly-

propylene) particles and PS (polystyrene) particles.

And then, the acoustic properties of single matching

layer material with an impedance matching layer and

a sound absorption one have been fabricated. To

improve the characteristic impedance matching

between particle material and air, a double matching

layer become a applicable approach, where PS par-

ticles was selected as the first matching layer with low

characteristic impedance, and PP particles layer with

higher characteristic impedance as the second match-

ing layer, WR particles as the sound attenuation

layer. Thus, the characteristic impedance of the

matching layers can be remarkable modified through

changing the thickness of the two matching layers.

Theory background

The two-thickness method was developed first by Smith

and Parrott [8] to measure the characteristic impedance

Zc and propagation constant c of bulk materials. This

method exploits changes of the surface impedance Z1

and Z2 of test samples with thickness L and 2L (and the

surface impedance) which can be obtained by measur-

ing respectively to the thickness L and 2L, can be

related to Zc and c by formula (1) and (2)

Z1 ¼ Zc coth cLð Þ ð1Þ

Z2 ¼ Zc coth c2Lð Þ ð2Þ

Then, it can be deduced that

Zc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z1 2Z2 � Z1ð Þ
p

ð3Þ

The value of the absorption coefficient (an) is

calculated from the following express

an ¼ 1� Rj j2 ¼ 4r

ð1þ rÞ2 þ x2
ð4Þ

where r is the real part of surface impedance, x is the

image part of surface impedance.

Experimental

Measurement of acoustic properties

The acoustic properties have been measured using a

two-microphone impedance tube B&K4206 made by

Bruel & Kjaer (B&K) Co, Swiss, in the frequency

range of 100–6,500 Hz. With this set-up the imped-

ance of each sample has been measured without an

air gap. The experiment setups were described in

Fig. 1.

Samples used in the experiment

Three kinds of polymeric micro-particles with different

structures, size and size distributions were used, and

the non-acoustic parameters for those materials are

shown in Table 1.

Fig. 1 Experiment Setup and the assembled method of matching
material

Table 1 Non-acoustic parameters of these three materials

Bulk density
(g/cm3)

Apparent density
(g/cm3)

Size
(mm)

PS particles 1.05 0.62 2.5–2.8
PP particles 0.9–0.91 0.42 0.6–0.8
WR particles 0.87 0.26 0.1–0.15

The details of assembled samples with different polymer parti-
cles in this paper are listed in Table 2
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Result and discussion

Acoustic properties of particle layers

The absorption curves of the three materials of WR,

PP and PS particles are shown in Fig. 2, from which it

can be found that the absorption character of WR

particles is excellent at frequencies below 1,000 Hz

while that of PS particles material and PP particles

material are outstanding at frequencies beyond

1,000 Hz. The phenomenon can be attributed to the

fact that the high sound reflection on the surface of the

WR particles material weakens its absorption charac-

ter in high frequency region. At the same time, the low

sound attenuation capability results in lower sound

absorption for PS particles and PP particles.

The characteristic impedances ratio (Zc), the inher-

ent property of the materials were calculated according

to the two-thickness method and shown in Fig. 3. The

real and imaginary parts of Zc, which represent the

resistance and reactance feature of materials [9],

indicate the sound attenuation and reflection capacity

of the materials respectively. As shown in Fig. 3, the

sound attenuation and reflection capacity of WR

particle are both more remarkable than those of the

other two, which result in the absorption characters of

WR particle, comparing to PP particle and PS particle.

Consequently, it is clear that the sound absorption

characters of the materials are cooperative actions of

its resistance and reactance properties.

As shown in Fig. 4a, the experimental data of

surface impedance indicated that the attenuation

capacity of the WR particle is strongest among these

three materials as mentioned above. However, the

absorption coefficient of WR micro-particle is not so

good between 1,000 and 5,500 Hz. It is found that the

strongly sound energy reflection result from the

distinctly impedance mismatching between the WR

particle and air. The imaginary part of the surface
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Fig. 2 Sound absorption coefficients of these three materials
(3 cm) versus frequency
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Fig. 3 Characteristic impedance of the materials, (a) real part, (b) imaginary part versus frequency

Table 2 The details of assembled samples

Sample First layer/
thickness (mm)

Second layer/
thickness (mm)

Third layer/
thickness (mm)

#S-1 PS particles/20 WR particles/10
#S-2 PP particles/20 WR particles/10
#D-3 PS particles/10 PP particles/10 WR particles/10
#D-4 PS particles/5 PP particles/15 WR particles/10
#D-5 PS particles/15 PP particles /5 WR particles/10

123

J Mater Sci (2007) 42:199–206 201



impedance ratios of WR particle, in Fig. 4b, is obvi-

ously deviated from the value of zero, which exhibits

the strong reflection effect.

Therefore, in order to minish the difference of the

normalized characteristic impedance ratios between

WR particles layer and air, it is suggested to employ a

matching layer of low characteristic impedance

particles.

Multi-layers absorber

Single matching layered absorber

From reasons mentioned above, single matching layer

absorbers have been fabricated by using PS particles

and PP particles respectively as impedance matching

layers and WR particles as energy dissipation layer.

Here the samples with the thickness of 30 mm are

employed in investigation, since they allow good

comparison to be made and considered technologically

possibility to manufacture. Consequently, the assembly

for the absorber of WR particles with 10 mm thickness,

PS particles with 20 mm thickness and WR particles

with 10 mm, PP particles with 20 mm respectively has

been discussed here. The absorption curves of those

samples S-1 and S-2 are placed in Fig. 5a and b.

Obviously, the sound absorptions of the samples S-1

and S-2 are generally better than that of the single

particle layer material with same thickness, especially

in some frequency region.
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Fig. 4 Surface impedance ratio (a real part and b imaginary part) of WR, PP and PS (3 cm) vs. frequency
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Fig. 5 Absorption coefficient versus frequency of absorber sample S-1 (a) and S-2 (b)
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Figure 6 shows the variation of the real part and

imaginary part of the surface impedance, Zs, of sample

S-1. It can be seen that, in broad frequency range, from

600 to 4,200 Hz, the imaginary part of the composite

material is so close to the value of zero, which

represented that the reflection of the sound energy is

extremely weaken by using matching layer, comparing

to pure WR particle. On the other hand, as shown in

Fig. 5, the absorption coefficient spectrum of the

composite material exhibited a wide absorption band,

which demonstrates that the using of impedance

matching is benefit to improve the sound absorption.

Comparing Fig. 5a and b, it is found that the

absorption band of single matching material shifted

towards the low frequencies as the energy attenuation

capacity of matching layer rises, which is because of the

increased attenuation coefficient of the composite

material. And it should be noted that the absorption

band frequency of the composite material is just

between the matching material and the sound attenu-

ation material. It is revealed that the absorption

properties of single matching material will be under

control by using different particle materials.

But in high frequency region, the absorption capac-

ity of the single matching sample S-1 is still unsatis-

factory, as shown in Fig. 5a, and so is that of sample S-2

in middle frequency region, as shown in Fig. 5b.

The calculated characteristic impedance ratios of

WR to PS and PP particle layer were shown in Fig. 7. It

is clear that the reflection at the surface between PP
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Fig. 6 Surface impedance (a real part and b imaginary part) versus frequency of absorber sample S-1
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and WR particle layer is smaller than that between PS

and WR particle layer in whole tested frequency

region, while the reflection at the surface between PP

and air is extremely stronger than PS and air in middle

frequency region. This discrepancy leads to the short-

ages of both two samples with single matching layer. It

is suggested that single matching cannot deal with the

problem of impedance mismatching well. Furthermore,

for single matching material, if it was going to show

greatest absorption properties in a given frequency

region, a particle layer with particular impedance is

necessary, which is hardly realized.

Thus, a thinkable way, double matching layer, was

chosen, in which the characteristic impedance was

increased stepwise, using low characteristic impedance

material as first matching layer, a higher one as the

second and the highest one as the third, sound

attenuation layer. At the same time, for the character-

istic impedance of the matching layers can be remark-

able modified by changing the thickness of the two

matching layers, double matching material is expected

show greatest sound absorption in given frequency

region.

Double matching layered absorber

Based on the two-thickness mode, the characteristic

impedance ratio of WR to PS particle layer, WR to

PP particle layer and PP to PS particle layer were

calculated, as shown in Fig. 8.

Then a double matching layer sample, D-3, was

fabricated, in which PS particle was selected as the first

matching layer with thickness 10 mm, PP particles as

the second matching layer 10 mm, WR particles as the

sound attenuation layer with thickness 10 mm. The

absorption spectrums of this double matching sample,

D-3, and that of single matching samples, S-1 and S-2,

were displayed in Fig. 9.

The absorption band frequency of the double

matching sample is just between the two single

matching layer samples. The double matching samples

exhibit good sound absorption in wide frequency

region instead of distinct absorption band. Figure 10

shows the spectrum of surface impedance of the double

matching sample and the two single matching layer

samples.

It is clear that the real and imaginary parts of surface

impedance ratio of the double matching sample,
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Fig. 8 Characteristic impedance ratio versus frequency of different particle layers (a real part and b imaginary part)
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exhibiting smoothed curves, are just between the two

single matching samples. Thus the sound reflection on

the surface of double matching samples is not strong, at

the same times, the sound attenuation capacities of the

composite materials have not been markedly shorten,

which result in the good absorption in wide frequency

region. Obviously the particular impedance contributes

to the wide absorption frequency region of the double

matching sample.

Absorber of double matching layers with tailored

thickness

Through change the thickness of the two matching

layers, the absorption band of the double matching

materials can be shifted. For fixed sample thickness

(30 mm) and fixed thickness of attenuation layer

(10 mm), the thickness of PP particle layer varied

from 5 mm to 15 mm with the step of 5, as well as

the thickness of PS particle varied from 15 mm to

5 mm. The absorption spectrums of these three

double matching samples D-3–D-5 were displayed

in Fig. 11.

As the thickness of the first impedance matching

layer increase, the absorption peak frequencies of the

double matching layer shifts towards high frequency,

and their maximums value are heightened, which is the

result of the reducing impedance. When the impedance

is reduced, the attenuation capacity of the composite

material will be decreased, and the reflection of the

composite material will go down greatly.

It is validated that as modifying the thickness of the

impedance matching layer, the double matching mate-

rial will show greatest absorption capacity in demanded

frequency range.

Conclusion

By employing two-thickness model, the characteristic

impedance of the model materials of polymer micro-

particle is calculated. The absorption property of WR

micro-particle is not so good in high frequency region

due to mismatching of the characteristic impedance

between the WR particle and air.

Using low characteristic impedance material, such as

PS particle and PP particle, as matching layer and high

sound attenuation one, WR micro-particle, as sound

attenuation layer, a novel multi-layered material was

0 1000 2000 3000 4000 5000 6000 7000
0

1

2

3

4
R

e_
Z

s

frequency(Hz)

 S-1
 S-2
 D-3

0 1000 2000 3000 4000 5000 6000 7000
-10

-8

-6

-4

-2

0

2

4

Im
_Z

s

Frequency(Hz)

 S-1
 S-2
 S-3

(a) (b)

Fig. 10 Surface impedance of double matching layer sample, D-3, and single matching layer samples, S-1 and S-2. (a) real part, (b)
imaginary part

0 1000 2000 3000 4000 5000 6000 7000

0.0

0.2

0.4

0.6

0.8

1.0
A

bs
or

pt
io

n 
co

ef
fic

en
t(

α 
)

Frequency(Hz)

 D-3
 D-5
 D-4

Fig. 11 Absorption coefficient of double matching layer samples

123

J Mater Sci (2007) 42:199–206 205



fabricated. The matching layer obviously diminishes

the reflection of attenuation layer. Experimental

results of the absorption properties also indicate that

the multi-layered material with single impedance

matching layer shows good absorption property in

wide frequency region.

The double matching layer materials show wide

absorption frequency region. And it is possible to

obtain a material with greatest absorption properties in

the arranged frequency region, through changing the

thickness of the two-impedance matching layer.
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