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Flexible polyurethane (PU) foams comprising various additive components were synthesized to improve their acoustic
performances. The purpose of this study was to investigate the effects of various additive components of the PU foams on the
resultant sound absorption, which was characterized by the impedance tube technique to obtain the incident sound absorption
coeflicient and transmission loss. The maximum enhancement in the acoustic properties of the foams was obtained by adding
fluorine-dichloroethane (141b) and triethanolamine. The results showed that the acoustic absorption properties of the PU foams
were improved by adding 141b and triethanolamine and depended on the amount of the water, 141b, and triethanolamine.

1. Introduction

The gradual increase in the undesirable and hazardous noise
level has perplexed our living and working environment;
therefore, noise reduction is a very important issue [1]. The
use of sound absorption materials is the preferred method to
reduce noise. With regard to the enhanced sound damping
performance, porous materials are commonly used in various
industrial applications to absorb sound energy. These porous
materials have been widely used in numerous fields such
as thermal insulation, building construction, aeronautics,
and acoustic absorption [2-5]. These materials have played
significant roles in promoting acoustic performances such
as sound absorption, acoustic attenuation, and vibration
damping. Lightweight porous materials such as polyurethane
(PU) foams are extensively used as noise control materials in
the automotive industry. The noise produced by vehicles not
only affects the quality of the automobile but also decreases
the comfort of driving. Eliminating automotive interior noise
has become an important and predominant topic in the noise
control engineering. Previous studies have investigated to
improve the acoustic comfort index in motor cars [6].

PU is a significant sound absorbing material owing to its
relatively low density and high porosity. It can be converted

into ordinary soft foam, high elastic foam, or other porous
materials as required in diverse applications. Viscoelastic
polymer foams have excellent performance in the acoustic
absorption because they can attenuate certain vibrations
and absorb sound energy. Moreover, they can also convert
sound and mechanical vibrational energy into heat. When
acoustic waves propagate in the foams, energy is decreased
as a result of the air friction loss in the cores and then
transformed into heat. This energy absorption is limited by
the PU morphology, which is an inherent property of the
foam and is described by the gradual decrease in energy
in the dissemination of the acoustic wave propagation [7].
Flexible PU foams with open cell morphology are widely
used in automobiles to improve the noise, vibration, and
harshness comfort [8-10]. Taking advantage of specific vibra-
tion characteristics, flexible PU foams have also been used
in automotive seating applications [9, 11]. The optimization
of the acoustic performance can be accomplished in various
ways, such as altering the chemical structure of the PU solid
phase or adding various types of additives to the foams [12].
Hong et al. [13] studied the multiporous polymer micro-
spheres with interconnected cavities, with appearing good
sound absorption properties particularly in a low frequency
range. PU/nanosilica nanocomposite foams were prepared



by Lee et al. [1] to improve the sound absorption ability of
PU foams by adding nanosilica to PU. A sandwich com-
posite plank with polyethylene terephthalate/thermoplastic
urethanes/PU in the fibrous conformation was manufactured
to attain high sound absorption properties reported by Lin
et al. [14]. The effects of aluminum hydroxide addition on
the properties of palm-based composites were investigated
by Norzali et al. [15]. Numerous studies on predicting the
sound absorption performances are reported through alter-
native material properties including the airflow resistivity,
porosity, elastic constants, and pore geometry. The airflow
resistivity is a main parameter governing the acoustical
behavior of porous materials for the sound absorption. The
PU foams with adequate flow resistance values show good
sound absorption. The airflow resistivity is the ratio of
the static pressure difference between the two sides of the
material to the line speed of the airflow, which stably passes
through the porous material. Larger flow resistance hinders
the sound waves more difficult to reach into the interior of
the materials, leading to low sound absorption performance;
however smaller flow resistance will less efficiently convert
sound energy into thermal energy; therefore, an optimum
flow resistance of the porous material is required [16]. The
airflow resistivity has a close relationship with the material’s
pores and is also an important parameter describing the
porous material’s performance. The open porosity of porous
foams is defined as the fraction of the interconnected pore
fluid volume to the total bulk volume of the porous aggregate
and is a key parameter related to the effective properties of
the porous foams [17]. Doutres et al. [18] investigated the
relationship between the microstructure of PU foams and
sound absorption efficiency, and the nonacoustic properties
were also measured to investigate the relationship between
the microstructure properties and nonacoustic parame-
ters.

Both the sound absorption coefficient and transmission
loss are the parameters for measuring the sound absorption
performance of materials. The absorption coefficient can be
measured using the standard test procedures in the standard
of “Standard Test Method for Impedance and Absorption
of Acoustical Materials using a tube, two microphones
and a digital Frequency Analysis System.” Recent studies
have shown the focus on the effect of these sound absorbing
properties of PU foams to enhance the acoustic performances
(e.g., vibration and acoustic attenuations). The sound absorp-
tion properties of the foams have been extensively studied.
Zhang et al. investigate the effect of the pore cell size and open
porosity on the sound absorption performance of PU porous
materials, and experiments were performed to investigate the
relationships between the geometrical characteristics of the
polyurethane foams and their acoustic performances [19].
The pore size distributions and microscopic structures of the
acoustic materials significantly affected the sound absorption
performance. Caviglia and Morro [20] and Jung et al. [21, 22]
studied the sound properties of multilayered viscoelastic
foams with planar interfaces and Yang et al. [23] reported the
sound properties of the multilayered viscoelastic composites
with different interface shapes. Chen et al. [24] investigated
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the effects of the surface shapes and sizes of the porous
materials with perforated plates on the acoustic absorption
by using the finite element procedure. Cheng et al. [25]
studied the relationship between the underwater acoustic
property and the pore structure of porous aluminum and
attained an optional porosity of porous aluminum with
the best sound absorption. Hong et al. developed the
multiporous hollow poly microspheres and found that the
materials consisted of the polymer microspheres with good
sound absorption [13]. Lind-Nordgren and Goransson
reported a procedure to measure the sound absorption
behavior of porous foams to optimize the behavior of
acoustical and vibrational performances [26]. These studies
are meaningful and instructional for the design of sound
absorption materials. However, to the best of our knowledge,
there are few investigations reported on the effects of additive
components in the foams. In this study, the sound absorption
is characterized by the impedance tube technique to obtain
the incident sound absorption coefficients and transmission
losses [27-29].

In this study, flexible PU foams consisting of various addi-
tive components have been synthesized to enhance sound
absorption. The purpose of this paper was to investigate the
effect of the various additive components of the PU foams on
their sound absorption.

2. Experimental

2.1. Materials. PU foams were synthesized using isocyanate
and polyether polyols or isocyanate and polyester polyols.
Soft ether PU foams were synthesized to be used as the
acoustic and insulation materials in automobiles. The names
and major characteristics of the materials used are listed
in Table 1. Polyether polyols 330N with a hydroxyl value of
36 mg KOH/g and polyether polyols of 3630 with an OH-
value of 33-37 mg KOH/g were supplied by Guangzhou Yiju
Chemical Company, China.

Methylenediphenyl diisocyanate (MDI) was obtained
from Guangzhou Yiju Chemical Company, China. Al and
A33 were used as the amine catalysts. Al, composed of 70%
bisdimethylaminoethyl ether solution in dipropylene glycol,
is a “foaming” type catalyst. Moreover, A33 is composed of
33% triethylene diamine solution. Water and 141b are both
used for blowing agents. Triethanolamine, as the catalyst,
played a dominant role in controlling the cell size of the foam.
Silicone, widely used in the PU foam industry, was selected as
the foam stabilizer and surfactant in this study.

2.2. Preparation of PU Foams. The polyether polyols 330N
and 3630, surfactant, catalyst, and deionized water were
weighed according to the foam formulation listed in Table 2.
First, the materials, except for MDI, were gradually weighed,
added in a plastic cup, and then mixed and stirred uniformly
using a mechanically driven mixer at a rotational velocity of
1200 rpm for 60s. Finally, MDI was added, and the mixture
was stirred for an additional 7 to 8 s. The mixture was poured
into a rectangular mold with a dimension of 150 x 150 x
60 mm® and its temperature was fixed at 50°C. After curing
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TABLE 1: Major characteristic of the materials.

Materials Supplier

Isocyanate MDI Guangzhou Yuju Chemical Co. China
Polyether polyol 3630 Guangzhou Yuju Chemical Co. China
Polyether polyol 330N Guangzhou Yuju Chemical Co. China
Catalyst Aland A33 Guangzhou Yuju Chemical Co. China
Catalyst TEA Jiahua Fushun Chemical Co. China

Surfactant Silicone 8681 Guangzhou Yuju Chemical Co. China
Blowing agent 141b Guangzhou Yuju Chemical Co. China

TaBLE 2: Foam formulation and design.

Mai Group 1 Group 2 Group 3 Group 4
ain component

(parts by weight) (parts by weight) (parts by weight) (parts by weight)
3630 28 28 28 28
330N 52 52 52 52
MDI 28.8 28.8 28.8 28.8
Catalyst Al 0.04 0.04 0.04 0.04
Catalyst A33 0.9 0.9 0.9 0.9
Silicone 0.9 0.9 0.9 0.9

for 120 min, the foam was removed and aged for 24 h at room
temperature. Before the test, a cylindrical block was cut from
the center of the cured foam. The cylindrical block had a
thickness of 20 mm, and the blocks with the diameters of
28 mm and 100 mm were used for high- and low-frequency
tests, respectively. Figure 1 shows the process for preparing
the PU foams. Figure 2 shows the sample foams used for
testing.

2.3. Experimental Apparatus and Measurement Tests. The
porosity (®) and airflow resistivity “o” are determined from
the flow measurements. A flow resistance apparatus is devised
according to the American National Standards ASTM C522-
80. Figure 3 shows the schematic of the apparatus. The
sample is placed in a tube as shown in Figure 3, and the
pressure difference (AP) between two sides of the sample
is formed by pumping or compressing, when a steady flow
of air is established. The airflow through the sample is
measured and the differential pressure (v) is obtained by the
pressure measurement. The flow resistance is calculated by
the following equation:

AP
o=—.
v

)

According to the study of Benkreira et al. on the porosity
[30], the porosity was measured by the simple measurement
device consisting of two 60 mL chambers and a U-tube (5 mm
diameter) water manometer connecting them. The chamber
air pressure volume is controlled by two glass pistons of
10 mL capacity suitably calibrated and graduated for the
accurate measurement readings. The air pressure volume in
the manometer is similarly controlled using a 20 mL piston.

Once calibrated, the device measures the air volume of the
open, interconnected pores of a porous sample placed in the
measuring chamber. Figure 4 shows the layout for the test
equipment for porosity.

The experimental methods according to ASTM E-1050
were used to determine the normal sound absorption perfor-
mance [31]. The standard test for impedance and absorption
of acoustical materials of ASTM E-1050 is based on the stan-
dard ISO 10534-2:1998(E) [32]. This test method was applied
to measure the sound absorption coefficients of absorptive
materials at normal incidence. The sound absorption coeffi-
cient test was performed using a two-microphone impedance
tube, also called the “transfer function method.” Figure 5
shows the apparatus used including the two-microphone
impedance tubes for the absorption testing. The test was
performed at room temperature (20°C) under a relative
humidity of 65%. The sample diameter was 100 mm.

The test sample is mounted at one end of a straight,
rigid, smooth, and airtight impedance tube; the other end
of the tube is connected to a sound source (loudspeaker).
Plane waves are generated in the tube by a sound source
(random, pseudorandom sequence or chirp), and the sound
pressures are measured at two locations near to the sample.
Sound waves propagate as the plane waves in the tube, hit
the sample, get partially absorbed, and then get subsequently
reflected. The test measures the sound pressure close to the
sample at two different positions to obtain the acoustic trans-
fer function of the two-microphone signals. The complex
acoustic transfer function of the two-microphone signals
is determined and used to compute the normal incident
complex reflection factor, normal-incidence sound absorp-
tion coeflicient, and transmission loss of the test material.
The acoustic absorption coeflicient is defined as the ratio of
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FIGURE I: Process for preparing the polyurethane foams.
FIGURE 2: Prepared foams for testing.
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FIGURE 3: The layout for the test equipment for airflow resistance.

the acoustic energy absorbed by the foam to the acoustic
energy incident on its surface, and it depends on the fre-
quency. The absorption coefficient was calculated as the aver-
age value of the values obtained from four cylindrical foam
pieces (100 mm in diameter and 20 mm in thickness) in the
frequency range 100-6,000 Hz, according to the procedure.
The sound waves were perpendicular to the surface of the
foams. Each of the tests was repeated at least four times to
obtain consistent and precise results [19]. The densities of
the foams were calculated by measuring the dimensions and
weight of the foam sheets. These preliminary measurements
are shown in Figure 6.

Measurement piston in
a double scale precision
configuration

Water drawing piston

FIGURE 4: The layout for the test equipment for porosity.

3. Results and Discussion

In this study, water was used as the primary blowing agent
as well as the chemical blowing agent in the PU, and it plays
a dominant role in controlling the absorption coefficient.
In the first experiment, water was added to investigate
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TABLE 3: Main components and properties of the foam.

. Group 1 Group 2 Group 3 Group 4
Main component . . . .
(parts by weight) (parts by weight) (parts by weight) (parts by weight)
3630 28 28 28
330N 52 52 52
MDI 28.8 28.8 28.8 28.8
Catalyst A33 0.9 0.9 0.9
Catalyst Al 0.04 0.04 0.04 0.04
Silicone 0.9 0.9 0.9
TEA 1.0 1.0 1.0
Water 3.8 4.4 4.7
Density (kg/m®) 80.2 71.8 69.9 64.0
Airflow resistivity 18,600 15,400 14,600 11,300
Porosity 74 83 89
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FIGURE 6: Example of the layout for the test equipment. (1)
Microphone A, (2) microphone B, (3) test specimen, (4) impedance
tube, (5) sound source, (6) amplifier, (7) signal generator, and (8)
frequency analysis system.

the influential trends on the absorption coefficient of the PU
foams according to the recipes listed in Table 3.

Figure 7 shows the sound absorption coefficient curves
for the PU foams with varying water contents. With increas-
ing water content, no obvious increase in the absorption

FIGURE 7: Curves showing the sound absorption character of the PU
foams with varying water contents. (a) Group 1 with water 3.8 parts
by weight, (b) Group 2 with water 4.1 parts by weight, (c) Group 3
with water 4.4 parts by weight, and (d) Group 4 with water 4.7 parts
by weight.

coefficient in the low frequency range (100 to 800 Hz)
was observed. However, the absorption coefficient gradually
increased in the high frequency region 1,000-5,000 Hz. The
acoustic absorption coefficient of the foam with 4.7 parts
by weight is obviously higher than that of the rest of the
composite in the higher frequency range, particularly in
the range 3,000-5,000 Hz. When the water content was 4.4
parts by weight, the sound absorption coeflicient reached a
maximum of 0.935. The graph shows that with increasing
water content in a certain range, the sound absorption
coeflicients of the foams continue to increase. When the
water content is increased to 4.7 parts by weight, the sound
absorption coefficient of the foam sharply decreases. From
the curves, it is seen that a bigger airflow resistivity does
not result in a better performance and indicates a larger
resistivity that the air suffers in the materials. Moreover, lower
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. Group 1 Group 2 Group 3 Group 4
Main component . . . .
(parts by weight) (parts by weight) (parts by weight) (parts by weight)
3630 28 28 28 28
330N 52 52 52 52
MDI 28.8 28.8 28.8 28.8
Catalyst A33 0.9 0.9 0.9 0.9
Catalyst Al 0.04 0.04 0.04 0.04
Silicone 0.9 0.9 0.9 0.9
TEA 1.0 1.0 1.0 1.0
141b 5.0 5.0 5.0 5.0
Water 3.8 41 4.4 4.7
Density (kg/m”) 81.2 75.0 64.8 61.9
Airflow resistivity 17,800 16,500 13,800 9,800
Porosity 72 79 85 91
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35+ &
< L] L
A s}
S T 8
8 25 ¢ g
1 =}
3
pay 3
2 15 <
—
F 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
10 o n O O O n 9O 9O O O Q9O O 9O 9O 9 O 9o 9
S N O O N =4 O O N O 9O N o o O n o QO
—, = 4 A NN Fn O 0O A0 o 1N~ O O
5 L L L L L L L L L L L L L L L L J — = o~ AN NN N
eE888r8gesIe8rs888RE S8 Frequency (Hz)
— = 4 AN NN N O 0 O N VO O N - O O
—, = 4 A N 0 N
Frequency (Hz) —— Groupl  —— Group 3
—— Group 2 Group 4
—— Group 1 —— Group 3
—— Group 2 Group 4 FIGURE 9: Curves of the sound absorption character of the PU foams

FIGURE 8: Curves of transmission loss of the PU foams with varying
water contents. (a) Group 1 with water 3.8 parts by weight, (b) Group
2 with water 4.1 parts by weight (c) Group 3 with water 4.4 parts by
weight, and (d) Group 4 with water 4.7 parts by weight.

resistivity value decreases the sound absorption coefficient.
This is possibly because of the high water content, increasing
the porosity, and lower overall density. This leads to dramatic
decrease in the sound absorption. These results clearly show
that the water content has a significant effect on the sound
absorption properties of the foams. The corresponding curves
of transmission loss are shown in Figure 8. The results are in
good agreement with the sound absorption coefficient and
transmission loss curves. The sound insulation properties of
the porous materials appear to be in opposite trend to the
sound absorption properties, and better sound absorption
properties of materials decrease the sound insulation perfor-
mance. When the water content is 3.8 parts by weight, the
transmission loss reaches the maximum value of 32.9, and
the transmission loss also presents a downward trend with
increasing water content. The PU foams with a water content
of 3.8 parts by weight show better sound insulation properties
compared with other three groups.

with varying water with the 141b. (a) Group 1 with water 3.8 parts by
weight, (b) Group 2 with water 4.1 parts by weight, (c) Group 3 with
water 4.4 parts by weight, and (d) Group 4 with water 4.7 parts by
weight.

According to the results of the above experiments, when
the water content is controlled within a particular range,
the sound absorption performance is improved by increasing
water content. However, when the water content continued to
increase, the sound absorption performance decreased. The
primary reason for the change in the sound dampening is
the content of water in the foams. The average porosity of
the foams increases and the density becomes smaller with
increasing water content. Therefore, the reasonable control
of the water content is necessary to improve the sound
absorption properties of the foams.

In the second experiment, the type and amount of
foaming agent was changed to investigate their effects on
the sound absorption properties of the foams by adding 141b
agent. The components and properties of the foams are listed
in Table 4.

Figure 9 shows the sound absorption coefficient curves
of the foams under the foaming reaction of both water and
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FIGURE 10: Curves of transmission loss of the PU foams of varying
water contents and 141b. (a) Group 1 with water 3.8 parts by weight,
(b) Group 2 with water 4.1 parts by weight, (c) Group 3 with water
4.4 parts by weight, and (d) Group 4 with water 4.7 parts by weight.

141b agent. As can be seen from the figure, the differences of
sound absorption coefficient between various components of
the material are not significant at low frequencies. However,
with the increase in frequency, there is no obvious change
in the sound absorption coefficient, particularly in the range
500-2,500 Hz. The higher the water content is, the greater
the absorption coeflicient is. When the water content is 4.7
parts by weight and the content of 141b is 1 part by weight,
the sound absorption coefficient reaches maximum of 0.982.
In comparison to the results in the first experiment, the
absorption coefficients of the foams increase with the amount
of water. When excessive water is added to the components, a
downward trend in the absorption coefficient of foams does
not appear in the curves compared to the curves shown in
Figure 7, indicating that 141b and water commonly changed
the sound absorption performances of the foams in terms of
the absorption coefficient, which significantly increased the
sound absorption performance of the shock absorption foam.

As shown in Figure 10, the sound insulation character-
istics of the PU foams in terms of the transmission loss
change with increasing frequency. However, no clear gap
was observed in sound damping in the low frequency range
(100-500 Hz), which is consistent with the same principles
shown in Figure 8. The sound dampening increased >800 Hz,
because the transmission loss increases steadily. Overall, the
sound dampening improves with increasing in water concen-
tration, as shown in Figures 8 and 10. As shown in Figure 11,
the addition of 141b causes bubble absorption in almost the
entire frequency range. The sound absorption coeflicient
curve for the foams with the addition of 141b is higher than
the curve for foams without the addition. The results show
that the average absorption coefficient increases slowly at
the beginning and increases by adding 141b. The acoustic
absorption coeflicients of the composites with water are lower
atlow frequencies and much higher at high frequencies, when
compared to the foams with 141b additions. The results show

Absorption coefficient
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FIGURE 11: Curves of sound absorption character of the PU foams
with two different compositions, one containing water without 141b
and the other containing water with 141b.

that the acoustic absorption property of the foams improved
by adding 141b and also depends on the quantity of water.

TEA acts as a catalyst in the reaction system. According
to the effects of TEA on the foaming reaction with increasing
TEA content, the foaming time decreases, and the catalytic
ability to enhance the foaming reaction to produce CO,
strengthens. Meanwhile, the cell size and gas proportion both
increase. When the TEA content is <7 parts by weight, the
foaming reaction is stronger than the gel reaction. Thus,
the porosity of the foams increases with increasing TEA
content. This is very likely because of the domination of the
crosslinking reaction. Therefore, the system can be optimized
to enhance the sound absorption properties of the foam
by varying the amount of TEA. As a result, in the third
experiment, the amount of TEA was varied to investigate the
effects on the foam performance; the major components of
the materials are listed in Table 5.

Figure 12 shows the absorption coefficients when the
amount of TEA in the foams was varied from 1.8 parts by
weight to 2.7 parts by weight. Simultaneously, no obvious
change is observed among the four groups in the low fre-
quency range (100-500 Hz), but significant differences appear
in the high frequency range 500-3000 Hz. When TEA con-
tent was 2.7 parts by weight, the sound absorption coefficient
reached a maximum of 0.995. In Groups 2-4, with gradual
increase in the TEA content, the absorption coefficients show
a strengthening trend as a result of the increased TEA content.
The amount of TEA in Group 1 is small as a result of smaller
porosity than the other groups and therefore exhibits a higher
density, enhancing absorption properties. The results show
that an adequate amount of TEA within a certain range has
a significant effect on controlling the pore size and density of
the foams. The foams containing reasonable contents of TEA
exhibit excellent sound absorption properties; therefore, they
can be used to improve the acoustic quality of foams.
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TABLE 5: Main components and properties of the foams.

. Group 1 Group 2 Group 3 Group 4

Main component
(parts by weight) (parts by weight) (parts by weight) (parts by weight)

3630 28 28 28 28
330N 52 52 52 52
MDI 28.8 28.8 28.8 28.8
Catalyst A33 0.9 0.9 0.9 0.9
Catalyst Al 0.04 0.04 0.04 0.04
Silicone 0.9 0.9 0.9 0.9
141b 5.0 5.0 5.0 5.0
Water 3.8 3.8 3.8 3.8
TEA 1.8 2.1 2.4 2.7
Density (kg/m?) 81.6 78.3 74.36 70.5
Airflow resistivity 17,100 16,700 15,200 14,900
Porosity 74 82 87 89

Absorption coefficient
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FIGURE 12: Curves of absorption coeflicients of the PU foams with
added triethanolamine. (a) Group 1 with 3.8 parts by weight, (b)
Group 2 with 4.1 parts by weight, (c) Group 3 with 4.4 parts by
weight, and (d) Group 4 with 4.7 parts by weight.

4. Conclusions

In this study, flexible PU foams with varying amounts of
additive components were synthesized to improve sound
damping and absorption. To investigate the effect of the
various additive components on the sound absorption of
the foams, the correlations between the contents of additive
components, absorption coeflicients, and transmission losses
were studied. The two-microphone impedance tube was
applied to measure the sound absorption and transmission
loss. This study has the following conclusions:

(1) When water was used as the only blowing agent in
the foams, the sound absorption properties improved
with increasing water content in a certain range.
When the water content was 4.4 parts by weight,
the sound absorption coefficient reached a maximum
of 0.935. Excessive water will increase porosity of

the foams, thus lowering its density and airflow
resistivity, thereby decreasing sound absorption and
dramatically increasing transmission loss.

(2) The addition of the foaming agent 141b dramatically
enhanced the absorption performance of the foams.
When the amount of 141b was 1 part by weight,
an increase in water content gradually increased
the sound absorption performance and reached the
highest value of 0.985 without the declining trend of
the curves with excessive water content. The addition
of 141b decreased the airflow resistivity and increased
the porosity in some sense.

(3) Adding TEA has certain effects on the density of
the foams and the absorption performance was
enhanced. When more TEA was added, good quality
foams were obtained. 141b and TEA show the enhanc-
ing effects on the acoustic properties of the foams.
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