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ABSTRACT: In this paper, the effects of silicone surfactant on the mechanical, thermal, and acoustical properties of flexible
polyurethane foams are studied. At first, by introducing the reactions of the foam production and expressing the stoichiometric
relationships, a method is provided to select the amounts of the basic compounds for getting the desirable properties. By knowing
the OH number of polyol and the NCO content of isocyanate after selecting an amount of a blowing agent for the reaction, the
quantity of each compound to produce the desirable foam can be found. Then different foams with various amounts of surfactant are
produced. By preparing proper samples, the mechanical, thermal, nonacoustical, and acoustical properties of the foams are measured
or calculated by using different instruments. The nonacoustical properties are obtained based on two distinct methods, i.e., a
semiphenomenological method and an indirect method. The obtained properties are validated by comparing the calculated
theoretical sound absorption coefficients with the measured ones. The results show that with a small increase of surfactant, the
acoustical properties of foam samples improve by about 50% without any significant changes in other mechanical and thermal
properties of the foams. This improvement results from the variations of reticulation rate and cell size. In addition, the initial
desirable porosity and density considered in the stoichiometric relations are fairly achieved in produced samples. These results
validate the accuracy of the stoichiometric relations. C 2016 Wiley Periodicals, Inc. Adv Polym Technol 2016, 00, 21643; View this
article online at wileyonlinelibrary.com. DOI 10.1002/adv.21643
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Introduction

F

lexible polyurethane foams have a wide range of applications in different industries because of their properties
such as lightweight and flexibility. They are used by a variety of industries, including automotive, furniture, packing, etc.
Making an acoustic absorbing medium is one of the special application of flexible polyurethane foams. Because of the porous
structure of foams, acoustic waves easily propagate in foams
and because of having two phases; a large amount of acoustic
energy is dissipated.1
The major reaction in producing polyurethane foams is the reaction between polyol and isocyanate. Other compounds including catalysts, blowing agents, and surfactant should be added
to produce flexible polyurethane foams. Not only the type of
each component affects the properties of produced foam, but
also the amount of each component has significant effects on
foam properties.2
Generally, there are two kinds of polyols, i.e., polyester polyols and polyether polyols. The functionality and equivalent
weight of polyether polyols can be widely varied, which is a
great advantage of polyether polyols over polyester polyols.
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Therefore, polyether polyols are extensively used for producing
various polyurethanes. Each polyol is identified by its chemical
characteristics containing functionality, molecular weight, and
hydroxyl number. Moreover, isocyanates are divided into two
groups, i.e., toluene diisocyanate (TDI) and methylene diphenyl
diisocyanate (MDI). TDI is highly toxic, so its breathing has adverse influence on human lungs.
Catalysts are applied to control the speed of reactions in the
foaming process. Some properties of polyurethane foams, e.g.,
reticulation rate, can be controlled by changing the amount of
catalysts. Additionally, by reducing the surface tension a surfactant causes a uniform distribution of air in the cells and this
property improves the consistency of the foam. The surfactant of
many open-cell foams is silicone. Silicone as a surfactant protects
against the accumulation of the gases produced by the blowing
agents, so the foam does not collapse during rising. Increasing
the amount of silicone causes closure of the cells. When the blowing agent is water, closure of the cells produces shrinkage in the
cured foam. Consequently, the selection of the best amount of
silicone has been one of challenges for the producers of flexible
polyurethane foams.2,3
The physical and acoustical properties of foams depend on
microstructural characteristics such as cell size, reticulation rate,
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cell uniformity, and the thickness of cell walls.4 Silicone as a surfactant affects all the aforementioned characteristics so it changes
the acoustical properties. So far, different studies have been done
on the effects of silicone on the properties of foams, which are
reviewed in the following paragraphs.
In 1969, Kendrick et al.5 examined the effect of the surface tension on the process of producing foams and the influence of silicone on the surface tension. Additionally, Owen et al.6 showed
that for having a proper foam, an optimum surface elasticity is a
necessary condition but not a sufficient criterion. One year later,
Kendrick and Owen7 explored the role of gas propagation on
bubbles and the surface viscosity of bubbles in the foam production. In 1997, Dounis and Wilkes8 analyzed the viscoelastic
properties of foams as a function of temperature and humidity.
They found that the mold foams, which are produced at high
temperature and high humidity, have better viscoelastic properties than the slabstock foams. In 1999, Zhang et al.9 explored
the effects of silicone on the mechanical and structural properties of flexible polyurethane foams. Based on the presented
results, it can be seen that by increasing the amount of silicone,
the size of cells reduces. Mondal and Khakhar10 examined the
effects of surfactants on the cell structure and hydraulic strength
of rigid polyurethane foams. They observed that a surfactant by
reducing the surface tension decreases the size of cells; therefore,
the surfactant increases the hydrodynamic strength. In 2008, Lim
et al.11 analyzed the influence of silicone on the properties of rigid
polyurethanes. By investigating the results, it can be inferred that
increasing the amount of silicone decreases the size and openness of cells, hence the thermal conductivity of the rigid foam
reduces. In 2009, Han et al.12 studied the effects of silicone on the
cellular structure and thermal properties of rigid polyurethane
foams. According to their results, the optimum amount of silicone for rigid foams is about 1.5–2.5 parts per hundred polyol by
weight, in which the cell size and thermal conductivity decrease.
In 2012, Saavedra and Fadrique13 proposed an important tool
for prediction of the transient and steady-state behavior of flexible polyurethane foams. They analyzed the reaction of silicone
in a polyol mixture based on a method and a thermodynamic
model.
Additionally, different researches have been done until now
regarding the acoustical properties of open cell foams, which
are reviewed in the following. In 1982, by investigating 22 foam
samples with different cell sizes, densities, and flow resistivities, Imai and Asano14 showed that for a foam with a constant
thickness, increasing the flow resistivity of the foam or adding
a thin layer on the surface of it improves the sound absorption
and reduces the frequency at which the maximum absorption
occurs. In 1997, Adachi et al.15 examined the role of cell size and
cell shape on the acoustical properties of flexible polyurethane
foams. McRae et al.16 studied the mechanical and acoustical
properties of molded flexible polyurethane foams. They controlled the cell shape of the foam by adding a salt in its production process. They observed that the more amount of the salt
enlarges the cells and lowers the density. The increase of cell
size reduces the flow resistivity and therefore the absorption coefficient decreases at lower frequencies. Zhang et al.17 studied
the relations between the acoustical properties of polyurethane
foams and the morphology of them. Their results showed that
desirable acoustical properties can be achieved by altering the
morphology of the foams.

In summary, it can be said that the effects of silicone surfactant
on the acoustical properties of open cell flexible polyurethane
foams have not been investigated so far. In this article, the effects of silicone surfactant on the acoustical, nonacoustical, thermal, and mechanical properties of flexible polyurethane foams
are studied. In this regard, the new developed stoichiometric
calculations of reactions, which can be used to calculate the required amounts of the isocyanate and polyol, are elaborated.
Moreover, the amount of each raw material and the production process of the foams are presented and different foams
are produced by distinct amounts of silicone surfactant. Subsequently, the methods that are employed to measure the mechanical, thermal, nonacoustical, and acoustical properties of
foams are described. Then different properties are obtained
and the effects of silicone surfactant on these properties of
the produced foams are discussed. Finally, by comparing the
acoustical properties, which are computed on the basis of the
Biot’s theory with the acoustical properties measured by an
impedance tube and the accuracy of the studied properties is
validated.

Stoichiometric Calculation
During the production of foams, some difficulties are encountered as a result of the sensitivity of the production process to different parameters, i.e., the amounts of raw materials, the mixing procedure and so forth. These difficulties may
cause wasting materials in many experimental trials and errors
which emphasizes the importance of analytical calculations before foam production. Therefore, by introducing the reactions
of the foam-manufacturing process and in order to produce an
appropriate foam with a desirable density, the stoichiometric
calculations are employed to compute exactly the quantity of
each raw material. Although some relations are provided in
different publication,2,18 here newly developed stoichiometric
calculations are elaborated, then the amount of basic components are presented to produce desirable foams. This procedure
is more simple and can be easily used to calculate of required
raw materials for foam.
To develop the stoichiometric relations of the foam production, reactions of the foam-manufacturing process should be primarily introduced. The production of a polyurethane foam is
based on two main reactions, which take place simultaneously.
The first one is the reaction of isocyanate with water, which is
known as the blow reaction. The second one is the reaction between polyol and isocyanate is known as the gelation reaction.3
The blow reaction, which takes place between water and isocyanate, has two steps. As shown in Fig. 1, the initial step of the
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FIGURE 1. The first step of the blow reaction.3

RESEARCH ARTICLE
by the manufacturers.


Formula weight of OH (100)
(17.01) (100)
OH equivalent =
=
OH content
OH content


Molecular weight of KOH (1000)
=
OH number + Acid number

FIGURE 2. The second step of the blow reaction.3

=
blow reaction produces carbon dioxide and amine functionality,
where a thermally unstable carbamic acid is generated through
an intermediate stage. The carbon dioxide diffuses into existing
bubbles, which are already nucleated in the liquid, causing the
expansion of the foam. The heat generated also plays a considerable role in expanding the gas in the liquid to form the desired
cellular morphology. The amount of water can be used to control the quantities of gas and heat produced from the reaction;
therefore, it can be used to control the porosity of the foam. In
the second step, the amine functionality reacts with the remaining isocyanate that causes the production of urea. The reaction
is displayed in Fig. 2.
In the gelation reaction, an alcohol group of the polyol reacts
with an isocyanate group, and as a result a polyurethane linkage
is created. This reaction is exothermic and is shown in Fig. 3. The
produced heats of the gelation reaction and the blow reaction
cause evaporation of physical blowing agents.
To control the speed of each reaction, the proper usage of catalyst is very important. In the reaction of isocyanate with polyol,
to speed up the reaction a tin catalyst is employed. An amine
catalyst is also used in the reaction of isocyanate with water
to speed up this reaction. Consequently, for the production of
foams with desirable properties a balance should be established
between the speeds of the two reactions. If the gelation reaction
takes place very slowly, the foam does not have sufficient viscosity during the growth of the cells, so the collapse can occur.
On the other hand, if the gel reaction takes place too fast, viscosity increases rapidly whereas the production of bubbles is slow,
thus it results in the closure of cells and the lack of uniformity in
the structure.3
Based on the information obtained from the foam reactions, it
can be said that in the blow reaction by assuming an amount of
water and knowing the NCO equivalent, the isocyanate required
to convert the water into CO2 , can be evaluated. In addition, in
the gelation reaction, by knowing the hydroxyl number of the
polyol and the NCO content of the isocyanate and by considering
100 part by weight (Pbw) of polyol, the amount of the required
isocyanate for the reaction can be calculated. Equations (1) can
be employed for computation of the OH equivalent based on the
OH number and the acid number, which are usually provided

(56.11) (1000)
OH number + Acid number

Additionally, the NCO equivalent can be evaluated by Eq. (2)
according to the isocyanate NCO content.



Formula weight of NCO (100)
NCO equivalent =
NCO content
=

(42.01) (100)
NCO content

(2)

In other studies,2,19 the amount of the water used in the production of flexible foams is chosen as 1.5–7.5 part by weight (Pbw).
By assuming an amount of water in the above-mentioned range,
which is illustrated by MH2 O , and also on the basis of the blow reaction, the amount of isocyanate in the reaction can be computed
as follows:
MIso for H2 O =

2 MH2 O
× NCO equivalent
18

(3)

where MISO for H2 O shows the required amount of isocyanate for
a reaction with the considered amount of water. By taking into
account the isocyanate needed for water, the required amount
of isocyanate for 100 g of the polyol (MIso ) is as follows,
MIso =

NCO equivalent.100
+ MIso for H2 O
OH equivalent

(4)

Owing to the toxicity of isocyanate, it is advised2 to add more
polyol, i.e., about 5 g per 100 g of the polyol, ensuring that all isocyanate will react. For other components including tin catalyst,
amine catalyst, physical blowing agent, and surfactant, some
values are presented by Szycher19 and are presented in Table I.
The amounts of tin catalyst, amine catalyst, and surfactant are
selected based on the offered ranges.
After determining the amounts of components based on
100 Pbw of the polyol, the required amounts for the mold should

TABLE I
The Ranges of Raw Materials in Flexible Polyurethane Foams
Recommended by Szycher19
Material

FIGURE 3. The gelation reaction for foam production.3

(1)

Polyol
Isocyanate
Water
Amin catalyst
Tin catalyst
Silicone surfactant
Physical blowing agent
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Amount (Pbw)
105
25–60
1.5–7.5
0.1–1
0–0.5
0.5–2.5
0–35

RESEARCH ARTICLE
be calculated. With this aim, desired density and porosity, which
are shown in a sequence by ρd and φd , should be chosen. The desired density can be selected appropriately based on the densities
of similar foams or the suggestion of the polyol manufacturer
company. The desired porosity can also be picked based on the
application of the foam, e.g., for an acoustic foam, the porosity
should be close to 1.1 By considering the mold volume, which is
represented by Vmold , the mass of the frame can be calculated as:

m f = ρd · Vmold − φd · ρair · Vmold

mf
Mf

(6)

where M f represents the net mass of foams per 100 g of the
polyol and is calculated using Eq. (7). In Eq. (7), MAmine , MTin , and
MSurfactant represent in a sequence the mass of amine catalyst, tin
catalyst, and surfactant per 100 g of the polyol. Moreover, MCO2
shows the mass of the produced CO2 per 100 g of the polyol.
M f = 105+ MIso + MH2 O + MAmine + MTin + MSurfactant − MCO2 (7)
Finally, the required amounts of components for the mold can
be evaluated by the following relations:
mPolyol = β · 105
mIso = β · MIso
mH2 O = β · MAmine
mTin = β · MTin
mSurfactant = β · MSurfactant

Component

Amount
(Pbw)

Polyol

Isocyanate

Water

Amine
Catalyst

105

36.56

1.5

0.55

Tin
Catalyst

Physical
Blowing
Agent

0.25

5.81

(5)

where m f represents the mass of the frame in the mold and ρair is
the air density, which is a function of humidity and temperature.
Then, by having the amounts of components per 100 g of the
polyol, the required mass of each component for the mold can
be computed by using a scaling factor. The scaling factor, which
is illustrated by β, is evaluated as follows:
β =

TABLE II
The Amounts of Components for Produced Foams

(8)

where mPolyol , mIso , mH2 O , mTin , and mSurfactant represent the required mass of different components in order that the cured
foam fills the mold. It is possible that the foam produced by the
selected amount of water cannot fill the mold. One solution of
this problem is to use more water. By considering the fact that
increased use of water on account of producing higher heat can
make the foam collapsed during its rising; so, it is better to employ a physical blowing agent in the range presented in Table I
along with an acceptable amount of water.

acid number equal to 0.1. The applied isocyanate is an MDI (Kaboodan Chemie Zarin Co., Tehran, Iran). The NCO content of the
isocyanate is equal to 29. The employed surfactant and amine
catalyst in this research are Dabco DC 2585 and Dabco 33LV (Air
Products, Pennsylvania, United States of America), respectively.
A tin catalyst used for the foam production is U28 (Neostann, Osaka, Japan). The employed physical blowing agent is methylene
chloride (Samsung, Ulsan, South Korea). The chemical blowing
agent is distilled water.

FOAM PRODUCTION PROCEDURE
The aim of this research is to investigate the effect of surfactant amount on the acoustical properties of polyurethane foam.
To this end, different foam samples with different amount of
surfactant should be produced. To create a polyurethane foam
sample in the laboratory, at first by applying the stoichiometric
relationships presented in the section Stoichiometric Calculation
and by considering the mold volume, the required quantity of
each component was calculated. The one-shot procedure is used
to make the foam. In this procedure, the polyol is mixed with
water, surfactant, and catalysts in a container. Then, with the
help of a mechanical stirrer at a speed of 1300 rpm, the mixture
was stirred for 3 min. Next, methylene chloride, as a physical
blowing agent, was added to the mixture and once again for
30 s the mixture was stirred. Finally, by adding the isocyanate,
the mixture was mixed for 15 s and before the start of the rising,
the mixture was poured into a mold. The dimensions of the mold
are 25 cm × 25 cm × 10 cm. After curing the foams, mechanical
crushing is done.
In this study, by considering desired density and porosity
kg
equaling to 50 m3 and 0.85, four different foams were produced
with the composition described in Table II. For each foam type,
three different samples were made and examined. The only difference between the compositions of foams is in the quantity of
silicone surfactant, which is 0.5, 1.0, 1.5, and 2.5 Pbw for four
considered foam samples. For other components, some amount
of raw materials explained in Table I is used to produce flexible
polyurethane foams.

CHARACTERIZATION METHODS

Experimental
RAW MATERIALS
The materials used in this research were procured from various commercial sources. The used polyol is Yukol 4813 (SKC
Co., Seoul, Korea), which has an OH number equal to 48 and an

This section outlines how the various properties of foams
were measured according to the standard methods. The methods
used to determine different physical and mechanical properties
are expressed.
The measured mechanical properties are density, modulus
of elasticity, Poisson ratio, and loss factor. The density of foams
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is obtained according to standard ASTM D3574. Based on this
standard, 10 cylindrical samples with flat surfaces were prepared
from each foam. Then, the densities of the samples are calculated
and their average is considered as the density of the foam.
In addition, the modulus of elasticity of foams are measured
based on two different methods. In the first method, the properties of samples are obtained using a dynamic-mechanical test
in the compressive mode according to standard ASTM D4065–
12 and by utilizing the DMTA machine (Triton Tech. Ltd.,
Lincolnshire, UK). By performing this test, the different viscoelastic properties including storage modulus, loss modulus,
and loss factor can be evaluated versus frequency and temperature. Moreover, by finding the shear modules of samples, their
Poisson ratio can be calculated.
As well as the DMTA method, the static compression method
was used to measure elasticity modulus and Poisson ratio according to the standard ISO 3386 using an Instron test machine
(Instron Co., Massachusetts, United States of America). The compression tests were carried out at the speed of 80 mm/min and
for the 70% thickness of samples. Then, according to standard
ISO 18437-5 by considering the bulging effect, Young modulus
and Poisson ratio of different foam samples were calculated.
Different acoustical and nonacoustical properties of manufactured foams are explored to analyze the effects of changing the
surfactant quantity. The acoustical property discussed in this article is the absorption coefficient and the investigated nonacoustical properties are porosity, flow resistivity, tortuosity, viscos
characteristic length, and thermal characteristic length. The employed methods and devices for measuring the aforementioned
properties are explained in the following sections.
To find the absorption coefficient of generated samples,
SW422 series impedance tubes (BSWA Co., China) were employed. By using impedance tubes, the absorption coefficient
can be measured using the transfer matrix method according
to standards ISO-10534-2 and ASTM E1050-10. The larger tube
with a diameter equaling to 10 cm measures the absorption coefficient in the range 63—1600 Hz and the smaller one with the

diameter equal to 3 cm measures the absorption coefficient in the
range 800—6300 Hz. The impedance tubes are shown in Fig. 4.
To obtain accurate results, it is very important to provide the
proper samples. In this study, to prepare the samples, cylinders
were cut from the produced foams with the help of a round
cutter mounted on a milling machine. Then using a hot wire
cutter, cylinders were sliced into samples with the thicknesses
equaling to 2 and 3 cm. To provide nonacoustical properties,
two distinct methods, i.e., the semiempirical method and the
indirect method, were used, which are described in the section
Nonacoustical Properties.

Results and Discussion
MECHANICAL AND THERMAL PROPERTIES
By varying the percentage of surfactant, both microstructure
and properties of the foam are changed. To investigate the effect
of amount of the surfactant on the thermal and mechanical properties of the foam, various mechanical tests on different samples
were done and whose analysis and results are presented and
reviewed in this section.

Density
Figure 5 shows the measured densities of the foam samples
versus surfactant amount. According to Fig. 5, the density of
the polyurethane foam with a higher amount of surfactant is
slightly increased. The amount of increase between the first and
last samples is equal to 0.03%, which is not a significant amount.
It can be observed that the obtained density with an average of
52.51 kg/m3 is in good agreement with the considered density
as presented in the section Foam Production Procedure, i.e., 50
kg/m3 . The standard deviation of the measured density is 0.51.

FIGURE 4. Impedance tubes used for measuring the acoustical properties of foam samples according to standards ISO-10534-2 and ASTM
E1050-10.
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TABLE III
The Compressive Test Results of Polyurethane Foams with Different Amounts of Silicone Obtained from the Compressive Static Test

FIGURE 5. The density of foams versus the amounts of silicone
surfactant.

Mechanical Properties by means of Static
Compression Test
As described in the section Characterization Methods, various mechanical tests were carried out on the samples with different amounts of surfactant. The obtained compressive stress–
strain diagrams are presented in Fig. 6. It can be seen that the
compressive stress–strain diagrams are composed of three regions, i.e., initial linear behavior, a plateau region, and final stress
increase, which indicates densification. This behavior has also
been reported in previous studies.4,20 The initial linear region is
related to linear elastic behavior of foams with the slope equaling to the apparent compressive elastic modulus. The plateau
region is related to a situation in which the shape and size of
cells are changing and the resistance to compressive forces is
lower, thus the increase of stress is small. The intersection point
of the linear and flat regions shows the compressive strength
of the material. When the cells are compressed extremely, the

Foam Type

E(Pa)

ν

Foam #1: 0.5 Pbw silicone
Foam #2: 1.0 Pbw silicone
Foam #3: 1.5 Pbw silicone
Foam #4: 2.5 Pbw silicone

7,827
7,227
9,940
11,753

0.403
0.450
0.435
0.289

porous structure of the foam is disappeared and the dense foam
behaves like an elastic solid. This behavior can be observed in
the ending region of the stress–strain diagrams in which stress
increases significantly.
According to Fig. 6, the stress–strain curves for samples with
different amounts of surfactant are closely similar. The differences are in the starting point of the flat region and the slope
of the linear region, which increases for samples with a higher
amount of surfactant. Finally, it can be concluded that increasing
the amount of surfactant does not create significant changes in
mechanical properties and only improves the elastic modulus
and compressive strength, relatively. In addition, the true elastic
modulus and Poisson ratio are obtained by the modification of
apparent modulus determined from Fig. 6 based on ISO 18437-5
standard. In Table III, these true results of static tests are presented.

Dynamic Mechanical-Thermal Properties by Using
DMTA
DMTA compressive and tensile test results for samples with
different percentages of surfactant are shown in Figs. 7–9. Based
on tension mode, variation of tan delta versus temperature is
illustrated in Fig. 7 for samples under investigation.
The glass transition temperatures of samples are the maximum points on the graphs and represented by Tg . With the

FIGURE 7. Variations of dissipation factor versus temperature for
FIGURE 6. The compressive stress strain curves of different foams.

polyurethane foams with different amounts of silicone.
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TABLE IV
The Compressive Test Results of Polyurethane Foams with Different Amounts of Silicone Obtained from DMTA
E  (Pa)

η

7,045.98
7,212.25
9,198.94
11,414.70

0.10
0.09
0.08
0.12

Foam Type
0.5 Pbw silicone
1.0 Pbw silicone
1.5 Pbw silicone
2.5 Pbw silicone

the amount of surfactant does not have considerable effects on
these properties at ambient temperature.
The results of the DMTA test, performed at the frequency
equaling to 0.1 Hz and at the ambient temperature, are illustrated
in Table IV.

ACOUSTICAL AND NONACOUSTICAL PROPERTIES
FIGURE 8. Variation of storage modulus versus temperature for
foams having different amounts of silicone.

increase in surfactant, the glass transition temperature does not
considerably change. Also, the curves of dissipation factors versus temperature are nearly the same for different samples. By
taking into account the major role of surfactant, which is homogenizing the structure of cells in polyurethane foams,3 the
possible cause of similar dissipation behavior is that the segmental mobility of polymeric chains in polyurethane foams does not
change by varying the amount of surfactant. The only difference
is in the peak values of dissipation factor which does not change
in a regular manner between the four samples.
Figures 8 and 9 illustrate the values of the compressive storage
and loss moduli for samples with different amount of surfactant
in a logarithmic scale, respectively. According to these figures,
the storage modulus and the loss modulus of different samples
have the same manner by temperature variation and therefore

FIGURE 9. Variation of loss modulus versus temperature for foams
having different amounts of silicone.

In this section, nonacoustical properties including porosity,
flow resistivity, tortuosity, and characteristic viscous and thermal lengths are investigated. In addition, the sound absorption
coefficient, which is an acoustical property, is presented and
compared with different foam samples.

Nonacoustical Properties
The nonacoustical properties of different samples are presented based on direct and indirect methods. In the direct
method, these properties are obtained by means of microstructure characteristics along with a direct measurement of flow resistivity. In addition, the indirect method is employed to present
tortuosity, thermal, and viscous characteristic lengths.
Nonacoustical Properties from SEM Images and Direct Measurement. Applying scaling laws is one of the recent new methods21
to obtain the nonacoustical properties of foams, in which with
the help of a simple structural model, nonacoustic properties are
estimated. For polyurethane foams, as shown in Fig. 10, it can be
assumed that the foam is composed of an idealized packing of
tetrakaidecahedra unit cells. In this method, microstructure parameters including the cell size, Cs , the strut length, l, and strut
thickness, t, as shown in Fig. 10, are employed to find the nonacoustical properties. Another parameter, indicated by Rw , is the
reticulation rate, which specifies the ratio of open cell windows
to the total number of windows.
For each foam, as illustrated in Fig. 11, SEM images are taken
R
softwith two magnifications and analyzed with an ImageJ
ware to measure the cell size, strut thickness, and strut length.
It should be noted that these values are not the same for all cells
in a foam. Therefore, several cells of a foam are selected and
averaged values for their parameters are computed. To obtain
microstructural parameters with a sufficient precision, around 10
measurements for Cs , and 20 measurements for t and l were performed. Besides, about 100–200 windows are counted to estimate
Rw .21 The results obtained for each foam are given in Table V.
Based on the results presented in Table V, it can be observed
that with increasing the amount of surfactant, geometrical parameters including the cell size, strut length, and strut thickness are decreased. Regarding to effects of the surfactant on
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FIGURE 10. A simple micro structural model of polyurethane foams.21

FIGURE 11. SEM images of (a) the foam #1 with 0.5 Pbw silicone, (b) the foam #2 with 1.0 Pbw silicone, (c) the foam #3 with 1.5 Pbw silicone, and
(d) the foam #4 with 2.5 Pbw silicone.
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TABLE V
Microstructure Parameters Obtained from SEM Images
Cs (μm)

l(μm)

1,183.82 ± 98.00
1,144.41 ± 63.20
1,128.06 ± 159.70
1,086.62 ± 91.40

Foam #1: 0.5 Pbw silicone
Foam #2: 1.0 Pbw silicone
Foam #3: 1.5 Pbw silicone
Foam #4: 2.5 Pbw silicone

t(μm)

285.74 ± 33.00
271.02 ± 34.20
244.90 ± 46.00
242.78 ± 32.60

Rw

102.82 ± 7.00
102.08 ± 9.93
99.01 ± 10.80
88.24 ± 8.23

83.19 ± 3.80
79.74 ± 5.79
75.33 ± 7.51
70.04 ± 7.15

the foam production, which cause more uniformity and smaller
cells, the mentioned behavior of the parameters is acceptable.
More surfactant causes more closure of the cells; so the reticulation rate decreases with the increase of the amount of surfactant.
By using the SEM images of foams, nonacoustical properties
can be determined. The extraction procedure is fully described
in other studies21–23 and only the relationships are mentioned in
this section. If cell struts have a concave triangle cross section, as
shown in Fig. 10, the porosity is calculated according to Eq. (9)

where A = 2.33 ± 0.36 and B = 3.78 ± 0.53 are two constants
whose values were obtained from the properties of a large number of polyurethane foams.22 Another parameter is the viscous
characteristic length, , computed after the calculation of the
thermal characteristic length according to Eq. (12).

 
 √
t 2
2 3−π
φ = 1−
√
l
2

Additionally, Eq. (13) is provided for calculation of the flow
resistivity σ .

(9)



where φ is the porosity. Tortuosity is another quantity, which
can be evaluated with the help of the obtained information.
It is calculated according to Eq. (10) and only depends on the
reticulation rate.


1 0.3802
α∞ = 1.05
Rw

(10)

where α∞ represents the tortuosity. The thermal characteristic
length,  , is also calculated as follows,
√

8 1− 2√ 3−π
2



2B

= 


√
√
1 + 2 3 − Rw 1 + 2 3 −



3A

4π
√
B 3

(11)

σ =



1 0.6763
= 1.55
Rw

48π η A
B

2 

1
Cs

2 

(12)

1
Rw

1.1166
(13)

In Eq. (13), η is the air viscosity, which is a function of temperature. The nonacoustical properties calculated based on microstructure parameters are described in Table VI for all foams.
According to Table VI, the values of porosity of foams, which
are calculated by the SEM method using Eq. (9), present the average porosity value of 0.86. Based on the section Foam Production Procedure, the desired porosity for calculating the amounts
of raw materials was considered equal to 0.85. Consequently,
a good agreement between the stoichiometric calculation and
experimental results is obtained. Since the surfactant does not
have any influence on the gas production reaction and on the
amount of air contained in the porous structure,3 the same value
of porosity has been obtained for different foams.

TABLE VI
The Nonacoustical Properties of Polyurethane Foams with Different Amounts of Silicone Surfactant Obtained from SEM Images
Foam #1 with 0.5 Pbw
of the Silicone

Foam #2 with 1.0 Pbw
of the Silicone

Foam #3 with 1.5 Pbw
of the Silicone

Foam #4 with 2.5 Pbw
of the Silicone

φ (%)

Upper Bound
Eq. (9)
Lower bound

92.5
89.2
84.2

92.4
85.4
81.4

92.3
85.4
74.6

93.0
85.3
82.4

σ (Nm−4 s)

Upper bound
Eq. (13)
Lower bound

10,403.7
3,696.0
1,441.0

10,258.0
4,430.0
1,716.0

26,449.0
4,433.0
1,687.0

15,656.0
7,298.5
2,074.9

α∞

Upper bound
Eq. (10)
Lower bound

1.3
1.1
1.1

1.2
1.1
1.1

1.2
1.1
1.1

1.3
1.2
1.2

(μm)

Upper bound
Eq. (11)
Lower bound

303.1
175.3
102.6

274.0
177.5
113.8

269.1
177.5
71.6

225.9
128.3
86.8

 (μm)

Upper bound
Eq. (12)
Lower bound

516.3
336.1
226.3

402.7
311.7
216.4

473.7
311.7
144.3

417.3
253.2
184.2
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FIGURE 12. The variation of flow resistivity of foams versus the
amounts of silicone surfactant.

Except porosity, which can be calculated with precision by
analyzing SEM images, the other nonacoustical properties are
roughly obtained by this method.24 Accordingly for airflow resistivity, tortuosity, and viscous and thermal characteristic lengths,
some other reliable methods, which are introduced in the following, are employed.
Owing to the high uncertainty in the flow resistivity obtained
from microstructure,22 the flow resistivity is also measured directly by a flow resistivity meter instrument (Shirley Development Ltd., Manchester, United Kingdom). In Fig. 12, the values
of the direct measured flow resistivity are given. It is notable
that for at least five different samples of each foam, the measurements were carried out and the average values are presented in
the figure.
Flow resistivity is one of the most effective factors on the
sound absorption of porous materials. Indeed, it is well known
that an increase of the flow resistivity improves the absorption
behavior in the whole frequency range but only until an intermediate value.24 As shown in Fig. 12, a higher amount of surfactant
increases the flow resistivity. Increasing the amount of surfactant
in the production process reduces the cell sizes of foams. This
trend is shown in Table V as well as in previous works.3 On the
other hand, the increase in the amount of surfactant causes the
closure of a greater number of cell windows.3 As a result, both
of these microstructural changes increase the flow resistivity24 .
Nonacoustical properties from the indirect method. Another
method used to determine nonacoustical properties is the indirect method. Since the exact values of the nonacoustical parameters are not specified from SEM images and only their ranges
are found, the indirect method is employed in this study to find
the values of the nonacoustical properties.
In the indirect method, by knowing porosity, flow resistivity,
and experimental sound absorption coefficient, three nonacoustical properties including tortuosity, thermal and viscous lengths
are obtained. It should be noted that the values of porosity and
flow resistivity are achieved by SEM images and direct measuring, respectively. In addition, experimental sound absorption
results are obtained from an impedance tube.

In this method, at first by assuming initial values of
aforementioned nonacoustical parameters, the variation of
theoretical absorption coefficient based on Biot’s equations is
calculated and compared with experimental data. Then by
changing these parameters with employing an evolutionary
algorithm25 , the difference between theoretical and experimental results is minimized. The above procedure is performed on
at least six different samples with 2 and 3 cm thicknesses; finally,
average data are presented in Fig. 13. Figures 13a, 13b, and 13c,
respectively, show the values of tortuosity, viscous characteristic length, and thermal characteristic length for the foams with
different amounts of surfactant. According to Fig. 13-a, by increasing the amount of surfactant, tortuosity is increased with
a slight slope. This is due to the greater percentage of closed
cell windows resulted from the increase surfactant.24 Thus, it is
evident that more surfactant will increase tortuosity. From Figs.
13b and 13c, it can be observed that by increasing the amount
of surfactant, characteristic lengths are reduced because of the
reduction in cell sizes and reticulation rate. According to the definition of these parameters and their relationships to the surface
area and volume of cells, when the cell size of a foam is reduced,
the volume and surface of the cells are changed in such a way
that reduce the thermal and viscous characteristic lengths.
For verification of indirect method results, the theoretical
sound absorption coefficient for samples with different thicknesses is calculated by using values shown in Fig. 13. Then these
results will be compared with experimental data in the next section. Therefore, it can be inferred that the properties are correctly
obtained through indirect method. By checking the information
of Fig. 13, it can be observed that some nonacoustical properties
obtained from the indirect method are not predicted by the SEM
method in Table VI. For example, in the case of tortuosity, the
values obtained from the indirect method are higher than the
values obtained from SEM images. It is acceptable since Eq. (10)
assumes that tortuosity depends only on the reticulation rate,
whereas it is obvious that other factors, such as the arrangement
of closed windows, also affect tortuosity.

Acoustical Properties
To investigate the effects of surfactant on the acoustical properties of the polyurethane foams, the absorption coefficients of
different foams were measured by using the impedance tubes.
Figures 14 and 15 illustrate the sound absorption coefficients of
samples with the thicknesses equaling to 2 and 3 cm, respectively.
Figure 14 indicates that the sound absorption of the foams
with more surfactant is increased at frequencies lower than 3300
Hz in a way that the absorption coefficient is improved about
50% at some frequencies. A prominent feature of this improvement is its wide frequency range, which covers the sensitive
frequency region of the human ears. From Fig. 14 it can be observed that the improvement in sound absorption begins at the
frequency about 500 Hz and continues up to about 3300 Hz. This
frequency range includes a collection of voices available in the
urban and industrial applications.
Moreover, the samples with thickness of 3cm, whose absorption coefficients are shown in Fig. 15, exhibit the same manner
and their absorption coefficients are increased by using more
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FIGURE 14. Sound absorption coefficients of polyurethane foams
with different amounts of silicone surfactant: 2 cm thickness.

surfactants, wherein the sound absorption improvement can be
seen in the frequency ranges of 500–2500 and 3700–5500 Hz.
The main reason of the increase in absorption coefficients of the
foams with more amounts of surfactant can be elaborated by
using the changes in nonacoustical properties, which were described before. Flow resistivity and tortuosity play a major role in
the sound absorption of a foam. By increasing these two properties up to their optimal values, the sound absorption of the foam
is increased.24 Consequently, because of the increase of the two
previous properties with more surfactants, which was presented
before, the sound absorption coefficient has also improved.
Based on the results, it is obvious that an increase about 50% in
the absorption coefficient of a foam can be achieved by changing
the amount of surfactants. In addition, this improvement occurs

FIGURE 13. Variation of (a) tortuosity, (b) viscous characteristic
length, (c) thermal characteristic length versus the amount of silicone
surfactant for different foam samples.

FIGURE 15. Sound absorption coefficients of polyurethane foams
with different amounts of silicone surfactant: 3 cm thickness.
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without changing the other mechanical and thermal properties
of the foams, as described in the section Mechanical and Thermal
Properties. In other researches, to get this improvement different additives are added to polyurethane foams, e.g., nano- and
microfiber. In comparison with these methods, by changing the
amount of surfactant without any extra efforts the absorption
coefficients of foams can be improved.

ANALYTICAL ABSORPTION COEFFICIENTS AND
COMPARISON WITH EXPERIMENTAL RESULTS
To validate the computed mechanical and nonacoustical
properties, in this section the absorption coefficients of different foams are theoretically calculated based on the obtained mechanical and nonacoustical properties and determined results
are compared by the corresponding measured values of sound
absorption coefficients.
The propagation of sound wave in foams is modeled by
Biot’s equations. Eqs. (14) illustrate the pressure representation
of Biot’s equations1 :



K b + 13 N ∇∇.us + N∇ 2 us + ω2 ρ̃us + γ̃ ∇ p = 0

1
ω2 ρ̃eq

∇2 p +

1
K̃ eq

p − γ̃ ∇. us = 0

coefficient for the foam of thickness 3 cm involving 2.5 Pbw silicone.

(14)

where the displacement of the solid phase, us , and the pressure,
p, are considered as the generalized variables. In Eqs. (14), the
symbol ∼ represents the dependency of the parameters on the
angular frequency ω. Moreover, K b and N are the frame bulk
modulus and shear modulus, respectively, which are related to
the real part of the modulus of elasticity Er , loss coefficient η,
and Poisson coefficient ν by Eqs. (15).
Kb =
N=

Er (1+ jη)
3(1−2ν)
Er (1+ jη)
2(1+ν)

FIGURE 17. Theoretical and experimental sound absorption

(15)

Over the years, several solutions have been developed to
solve the Biot’s equations. In the present study, the transfer matrix method is used.26 With the goal of verifying the obtained
nonacoustical and mechanical properties, the calculated sound
absorption coefficients by this approach are compared with the
measured ones.
In summary, comparison between theoretical and experimental sound absorption coefficients is presented only for one of the
foam samples under consideration. Typically, the comparison
between theoretical and experimental sound absorption results
for the sample with 2.5 Pbw silicone surfactants are presented in
Figs. 16 and 17. Figures 16 and 17 represent the absorption coefficient of a polyurethane foam containing 2.5 Pbw surfactant with
thicknesses equal to 2 and 3 cm, respectively. It is obvious that
the absorption coefficients obtained from the theoretical method
have an acceptable agreement with the experimental ones.
Finally, according to Figs. 16 and 17, it can be concluded that
the prediction of nonacoustical properties, which are obtained by
different methods, is satisfying and the relating sound absorption coefficients are in good agreement with the experimental
results.

Conclusions

FIGURE 16. Theoretical and experimental sound absorption
coefficient for the foam of thickness 2 cm involving 2.5 Pbw silicone.

In this article, the effects of silicone surfactant on the mechanical, thermal, nonacoustical, and acoustical properties of open
cell flexible polyurethane foams have been analyzed theoretically and experimentally by making different foams. Based on
the reactions of the foam production and the new developed stoichiometric calculations, a method has been presented to select
the data of raw materials. After producing different foams with
various amounts of silicone surfactant, the mechanical, thermal,
and acoustical properties are measured. Accordingly the results
of this study are valid for the special type of surfactant and foam
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formulation which are used in this research. Then, with the help
of two different methods, i.e., a semiphenomenological method
and an indirect method, the nonacoustical properties of foams
have been obtained and their variations have been analyzed.
Subsequently, the measured sound absorption coefficients of the
different samples have been presented and explored to show the
influence of the amount of surfactant on the acoustical properties of produced foams. Additionally, to illustrate the accuracy
of the provided nonacoustical and mechanical properties, the
sound absorption coefficients of samples are calculated theoretically by using the Biot’s theory and compared with the corresponding measured absorption coefficients. According to the
results presented in this paper, the following conclusions can be
deduced,
1. With a small increase in the amount of surfactant, the
sound absorption coefficient of foams can be improved
by about 50% at frequencies below 3000 Hz without any
significant changes in other mechanical and thermal properties of foams.
2. Based on the extracted results from the SEM images, by
increasing the amount of surfactant, all geometrical parameters including the cell size, strut length, and strut
thickness are decreased.
3. Raising the amount of surfactant increases the tortuosity
and reduces both the thermal and viscous characteristic
lengths.
4. Increasing the amount of surfactant increases the flow
resistivity on account of making cells smaller and more
closed.
5. Mechanical and thermal properties of manufactured
foams are not varied appreciably by changing the amount
of surfactant.
6. The theoretically calculated absorption coefficients based
on Biot’s equations have a good agreement with the determined values. So, the extracted nonacoustical properties
have been derived correctly.
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