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AbstractPolyurethane foam is widely used for automobile compartments as sound absorption materials due to its
excellent noise dissipation characteristics. This sound absorption property is strongly dependent on the cavity and pore
structures of the foams, and the cell morphology can be modulated by controlling experimental parameters. Two types
of gelling catalysts were demonstrated in fabrications of polyurethane foams to control the cell morphology. The cell
morphology of the free-rising polyurethane foams was investigated using dibutyltin-dilaurate and triethylenediamnine
gelling catalysts, and the cell structures were analyzed from the free-rising samples obtained in various sampling heights
and flow directions. The finer cell morphology was obtained with the organotin type catalyst by the faster gelling reac-
tivity, compared with the amine type catalyst. In addition, the spherical small cavities in the samples obtained from
horizontal planes of the free-rising foams revealed higher sound absorption coefficient and physical toughness than the
elliptical irregular cavities from vertical planes, due to the higher homogeneity of cavity distributions in the horizontal
planes.
Keywords: Polyurethane Foams, Flow Direction, Catalysts, Sound Absorption Coefficient

INDRODUCTION

Polyurethane foams have been commonly used as noise-con-
trolling materials in the automobile industry because of their high
sound absorption, light weight, and ease of production [1]. Gener-
ally, the two major automobile generated noises are structural-
borne (30-500 Hz) and air-borne noise (500-8000 Hz) [2,3], and
each propagates through solid and air media. Various studies have
revealed that flexible polyurethane foams are advantageous for
absorbing air-borne noise owing to their high damping in high
frequencies resulting from their low density and high malleability
[4,5]. Therefore, engine noise (1,600-4,000 Hz) [6] can be dimin-
ished by using polyurethane foams, and the foams are normally
located on the inside as enclosures or in conjunction with barriers
in the engine room. For this reason, the sound absorption coeffi-
cients at the high frequency region are important for improving
performance. Generally, the sound absorption coefficient is associ-
ated with morphological properties because sound absorption is
normally accomplished via sound energy dissipation as heat by
collisions between air molecules and cell walls or mechanical fric-
tions at sample boundaries [5,7-10].

To secure stable sound absorption of the foamed materials, it is
important to have robust cellular structures of the polyurethane
foams by designing homogeneous cavity distributions in the foams.
Doutres et al. [11] reported on the relationship between non-acous-
tic parameters and the sound absorption coefficient of polyurethane
foams, and Zhang et al. [12] studied the effect of interconnected

porosity on sound absorption. There have also been several stud-
ies on the sound absorption coefficients of other porous materials
such as polyolefin-based foams [13] and natural rubber foams [14].
Generally, all of these studies concentrated on obtaining the high-
est sound absorption coefficient at specific samples. However, ob-
taining high sound absorption behavior in a wide range of sam-
ples is crucial to guarantee industrial usage with stable reproduc-
ibility. Therefore, it is important to modulate the cellular structure
of free-rising polyurethane foams in terms of the sampling loca-
tions and flow directions.

We investigated the relationship between cell morphology and
physical properties of free-rising polyurethane foams by controlling
gelling catalysts, which ultimately affect the initial gelling mecha-
nisms. For examining the relative gelling reactivity between dibut-
yltin-dilaurate and triethylenediamnine catalysts, Fourier transformed
infrared spectroscopy (FTIR) was used. The high gelling reactivity
during formations of polyurethane foams leads to high matrix
strength at early stage of reactions, and thus it helps develop a uni-
formly distributed fine cell morphology. In free-rising polyurethane
foams, the cellular morphology is also a function of sampling height
or flow direction, and so the effects of sampling locations and flow
directions (horizontal, vertical) on cell structure were explored. During
strain deformation, the stress values of polyurethane foams were
also measured to provide a general guidance as a long term usage
with energy absorption behavior, depending on the cell structures.

EXPERIMENTAL

1. Materials
Polyether polyol (KE-810, OH value: 28±2) with a weight-aver-

age molecular weight of 6,000g/mol was obtained from KPX Chem-
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ical. An isocyanate mixture (KW 5029/1C-B, %NCO: 35±0.5, con-
taining 78% 4,4'-methylenebis(phenyl isocyanate), 5% benzene
1,1-methylenebis(4-isocyanato) homopolymer, and 17% toluene
diisocyanate) was obtained from BASF. A blowing catalyst (BL11,
Air Products and Chemicals, 70% bis(2-dimethylaminoethyl) ether
diluted with 30% dipropylene glycol) was used for blowing reac-
tions with deionized water. Gelling catalysts Dabco 33LV (Air
Products and Chemicals, 33% 1,4-diazabicyclo-octane (also called
as triethylenediamine, TEDA) and 67% dipropylene glycol) and
dibutyltin dilaurate (DBTDL, Sigma-Aldrich) were used to pro-
mote gelling reactions through urethane linkage formation. A sili-
con surfactant (L­3002, Momentive Corp.) and chain extender
(diethanolamine (DEA), Sigma-Aldrich Co.) were applied for cell
structure stabilization and enhancement of cross-linking reactions,
respectively.
2. Sample Preparation

Polyurethane foams were manufactured using one-shot polym-
erization method in a free-rising fashion. Before mixing entire com-
ponent mixtures, various polyol systems containing polyol, catalysts,
cross-linking agents, blowing agents, and surfactant were weighed
in a 400-mL paper cup (see Table 1), and they were mixed at 1,700
rpm for 20min using a mechanical stirrer. Subsequently, the polyol
mixtures were blended with pre-weighed isocyanate components
for fabrications of polyurethane foams at 6,000 rpm for 10 s. After
the final blending process, the mixtures were poured into an open
cylindrical container (diameter: 75 mm, height: 250 mm), and all
samples were kept at room temperature for 3 h to complete the
reactions. The relative humidity was maintained at 50±10% and
the average density of the polyurethane foams was approximately
45±5 kg/m3. After completion of polymerizations, the foams were
cut into appropriate specimens for morphological and physical meas-
urements.

Fig. 1(a) shows a typical photograph of a free-rising polyure-
thane foam in the container, and Fig. 1(b) shows the sampling loca-
tions of the foam sample for property assessments. Samples were
taken from three different heights (bottom, middle, top) in horizon-
tal and vertical flow directions, as shown schematically in Fig. 1(c).
3. Characterization
3-1. Fourier Transform Infrared (FTIR) Analysis

An FTIR spectrometer (FTIR Frontier, PerkinElmer Inc.) with
an attenuated total reflectance (ATR) module was used to analyze
polymerization reactions qualitatively with four scans and 4 cm1

resolution. The reaction mixtures were placed on the diamond crys-
tal of the ATR accessory in order to obtain absorbance spectra
during polymerization every 10 s for 1 h. In addition, the relative
reactivity between Dabco 33LV and DBTDL catalysts on the gell-
ing reactions was examined using carbonyl stretching bands at
1,730 cm1 (free urethane) and 1,715 cm1 (hydrogen bonded ure-
thane), respectively, with respect to the invariable peak intensity at
2,970 cm1 from the internal standard for the C-H stretching band.
Relative quantities of increments in urethane linkages were obtained
by combining those two intensity peaks as a function of reaction
time.
3-2. Morphology

The cellular structures of the polyurethane foams were exam-
ined using scanning electron microscopy (SEM, SNE-3000M, SEC
Co. Ltd.) at 10 kV after the samples were treated with a gold film
sputter (MCM 100, SEC Co. Ltd.). SEM images of the samples were
collected from horizontal planes at the bottom, middle, and top
heights as well as from a vertical plane at the middle height. At
least 15 images for all polyurethane foams were analyzed using the
Image Pro Plus software (Media Cybernetics Inc.) to obtain the
average cavity and pore sizes and open porosities.
3-3. Physical Properties

The sound absorption coefficients of the polyurethane foams
were measured using the impedance tube method (SW470, BSWA)
with ASTM E1050-12, based on the transfer function method. The
measurements were performed in the frequency range from 1,000
Hz to 6,300 Hz with two quarter-inch microphones. The thick-
nesses and diameters of cylindrical samples for measuring sound
absorption coefficient were 20 and 30 mm, respectively. The stress-
strain (SS) behavior of the polyurethane foams was examined using
a dynamic mechanical analyzer (DMA, Q800, TA Instruments,
USA) under compression mode, and also the cylindrical sample
thickness and diameter for DMA measurements were 8 mm and

Table 1. Formulation details of the free-rising polyurethane foams
Materials Content (g)*

Polyol
system

Alcohol (KE-810) 100
Surfactant (L-3002) 1.3
Chain extender (DEA) 0.6
Blowing agent (H2O) 4.0
Blowing catalyst (BL11) 0.08
Gelling catalyst** 0.72

Isocyanate (KW 5029/1C-B) 61.4
*NCO index is 1
**Dabco 33LV or DBTDL explained in the materials section

Fig. 1. A typical photograph showing free-rising process in a con-
tainer (a), a cross-cut image of polyurethane foam for three
different sampling locations (b), and two different samples
depending on flow directions (c).
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20 mm. During the measurements, 3 N min1 was applied as a stress
rate, starting from the preloaded value of 0.05N at room temperature.

RESULTS AND DISCUSSION

1. Reaction Mechanisms
Polyurethane main structure is produced from reactions between

isocyanate and alcohol groups, and simultaneously the blowing
agents (H2O) generate CO2 gas molecules by decomposing inter-
mediate carbamic acid groups. In addition, final foam morphol-
ogy and property are strongly governed by distributions of the gas
molecules throughout the polyurethane matrix. Therefore, the gell-
ing reaction on the polyurethane matrix is crucial for determining
final foam properties. Fig. 2 shows the detail chemistry of polyure-
thane formation reactions using two different gelling catalysts. The
gelling reaction is significantly improved by applying both organo-
tin and amine catalysts. Fig. 2(a) reveals the role of the DBTDL tin
catalyst in formation of polyurethane linkages. The OH functional
group in polyol molecules replaces the long carbonyl acid chain in
the DBTDL by nucleophilic addition, and then the replaced alkox-
ide complex further reacts with isocyanate groups to form carba-
mate linkage. Finally, the sterically unfavorable carbamate structure
generates urethane linkages by returning to the original DBTDL
structure. On the other hand, Fig. 2(b) also shows the reaction
mechanism with the Dabco 33LV amine catalyst, as well-known
as Baker’s mechanism [15]. The first formed isocyanate complex
with tertiary amine catalyst is attached by nucleophilic OH groups,

and then the final complex also produces urethane linkages. Com-
paring the reaction rate constants for gelling reactions, the DBTDL
(k=144 L2/g·mol·h) shows faster reaction rate than that of Dabco
33LV (k=109 L2/g·mol·h), which in turn the DBTDL results into
the faster gelling performance over the Dabco 33LV [16].

To explore relative reaction rate with gelling catalysts, FTIR-ATR
spectroscopy is used, as shown in several studies [17-19]. Extent of
gelling reactions can be analyzed qualitatively using the absor-

Fig. 2. Detailed reaction chemistry showing gelling reaction mechanisms with organotin DBTDL (a) and amine Dabco 33LV (b) catalysts.

Fig. 3. Normalized peak absorbance with free and hydrogen bonded
urethane linkages with DBTDL and Dabco 33LV catalysts
from FTIR spectra.
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bance intensity peaks from free urethane linkages and their hydro-
gen bonded interactions. Fig. 3 shows the normalized absorbance
using 1,730 and 1,715 cm1 peaks with respect to the invariable
peak intensity at 2,970 cm1 from the internal standard for the C-H
stretching band. As demonstrated in Fig. 2 with gelling reaction
chemistry, the DBTDL case revealed faster and higher urethane
linkage formation than the Dabco 33LV case. This strong depen-
dence of gelling catalysts on polyurethane reaction further impacts
on the development of cavity and pore structure because the poly-
urethane matrix modulus is crucial in determining cell collapsing
and growth mechanisms.
2. Cell Morphology

The cellular structures of the free-rising polyurethane foams were
examined depending on the flow directions and sampling loca-
tions, as shown in Fig. 1. Recently, the effects of cellular structure
of polyurethane foams on acoustic and physical properties have
been widely reported [19-23]. The cellular properties such as cav-
ity diameter, pore diameter, and open porosity are directly related
to the sound absorption efficiency. Generally, the cavity and pore
sizes play an important role in sound absorbing performance owing
to complex mechanisms of sound wave collisions with the poly-
urethane matrix [5,8,10,12,24,25], and the open porosity also influ-
ences on the sound absorption behavior of the foams. In addition,
fine and homogeneous cell structures are also advantageous in
achieving robust physical properties.

Fig. 4 shows SEM images of polyurethane foams from different
sampling locations in the horizontal planes with the Dabco 33LV
and DBTDL gelling catalysts. Sampling locations represent the top,
middle, and bottom of the foams from the bottom of the container,
as shown in Fig. 1(c). Cavity sizes are smaller with the DBTDL
catalyst than with the Dabco 33LV one, and the size uncertainty is
also smaller in DBTDL case. In addition, homogeneity of cavity

sizes depending on the sampling locations was much improved
with the DBTDL catalyst regardless of the locations. However, the
Dabco 33LV revealed much broader size distributions and higher
variations in cavity sizes for different sampling locations. This homo-
geneous cavity size tendency with the DBTDL catalyst is primarily
due to the high gelling reactivity, and its high gelling performance
of polyurethane matrix leads to reduced cavity expanding and
growth. Therefore, the gelling catalysts which have high reaction
activity during urethane linkage formations can ensure homoge-
neous cellular structures and the reliable properties of polyure-
thane foams.

In addition to the effect of sample locations on the cell structure,
the effect of flow directions on cavity and pore sizes in the free-ris-
ing foams was also examined in Fig. 5 with the two catalysts. In
both types of catalysts, the cavity structure of the samples taken
from horizontal planes was spherical shaped, but it showed an
elliptical shape from the samples in vertical planes, regardless of
the catalyst type. In addition, the cell morphology in the vertical
sample with the Dabco 33LV revealed more irregular pattern than
with the DBTDL. It can also be attributed to the higher collapsing
phenomena between cavities with lower matrix resistance force
due to the slower gelling reaction in applying the Dabco 33LV cata-
lyst. As a result, this clear distinction of cell morphology depending
on the flow directions can further influence the acoustic perfor-
mance and physical properties of polyurethane foams.

By analyzing the cell morphologies using SEM images, Fig. 6
shows the mean cavity and pore diameters at three different sam-
pling locations and depending on flow directions. As explained
above in Figs. 4 and 5, average cavity and pore sizes were larger
with the Dabco 33LV catalyst than with the DBTDL one at all three
sampling locations, and also they showed larger values in verti-
cally sampled cases for both catalysts. Again, it is the result of rela-
tive dominance between polyurethane matrix strength by gelling
reaction and gases expansion pressure by blowing reaction. In this
sense, higher gelling activity during polyurethane reaction can lead
to stronger matrix modulus, and thus it provides less collapsing
possibility of cavities at the same amount of gas generation (at the
same amount of blowing agent).

Fig. 4. SEM images of polyurethane foams sampled from three dif-
ferent locations with the Dabco 33LV and DBTDL catalysts.

Fig. 5. SEM images of polyurethane foams sampled from horizon-
tal and vertical planes at the middle height of the free-rising
foams with the Dabco 33LV and DBTDL catalysts.
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Fig. 7. Sound absorption coefficient of polyurethane foams with Dabco 33LV (a) and DBTDL (b) catalysts. Extracted sound absorption coef-
ficients from (a) and (b) plots at top (c), middle (d), and bottom (e) sampling locations, and acoustic activities of the foams (f).

Fig. 6. Analysis of the mean cavity (a) and pore (b) diameters of polyurethane foams at three different sampling locations. Mean cavity and
pore diameters with the horizontal and vertical plane samples (c).
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3. Acoustic Properties
The sound absorption coefficients of porous materials are gen-

erally affected by material parameters such as tortuosity, open
porosity, airflow resistivity, and material modulus [26]. All these
parameters are closely related to the sound absorption mechanisms
like sound energy conversion to heat at sample boundaries [27],
and these parameters have strong dependency on the cell morphol-
ogy. Fig. 7 shows the results of sound absorption coefficients and
acoustic activity from the polyurethane foam samples obtained at
three different locations. The sound absorption coefficient with
the Dabco 33LV catalyst varied with the sampling locations due to
the variations of cellular morphology depending on the locations,
as shown in Fig. 4. In addition, the smallest and relatively homo-
geneous cavity size distributions at the middle section resulted in
the highest sound absorption coefficient in Fig. 7(a). However, the
sound absorption coefficient with the DBTDL catalyst (in Fig.
7(b)) showed the similar level regardless of the sampling locations
(in Fig. 7(c) through 7(e)) because of the uniform distributions of
cavity sizes over the various locations. Also, its value was much
higher than the case with the Dabco 33LV catalyst, and it is because
the average cavity size is much smaller in the DBTDL case. Good
distribution of high numbers of small cavity and pore is advanta-
geous on energy dissipation by air molecular collisions with the
cell walls. Acoustic activity, which is defined as the integrated area
under the absorption coefficient curve [28], is useful for analyzing
overall sound absorption efficiency of materials. Fig. 7(f) reveals
the same tendency with the sound absorption coefficient results
by applying both types of catalysts due to the clear morphological
differences.

To compare the sound absorption coefficient depending on the
morphological variations by flow directions, Fig. 8 shows the sound
absorption coefficients and acoustic activity measured with the
samples from horizontal and vertical planes for Dabco 33LV and
DBTDL catalysts. Overall, sound absorption efficiencies obtained
from the horizontal samples are higher than those from vertical
samples, and this is mainly attributed to the clear difference in cel-
lular morphology shown in Fig. 5. Homogeneously distributed spher-
ical cavities could provide more efficient spaces for sound-wave
dissipation than irregularly scattered elliptical cavities. In addition,
again the DBTDL case showed better sound absorption perfor-
mance over the Dabco 33LV case, as explained in Fig. 7. There-
fore, in terms of designing cellular morphology in the free-rising

polyurethane foams, it is very important to achieve high number
of homogeneous spherical cavities in the foams for efficient sound
absorbing instead of having irregularly distributed elliptical cavities.
4. Physical Properties

For applications of polyurethane foams as a sound-absorption
material, physical properties are also crucial to guarantee not only
long term usage but also stable performance. Generally, SS mea-
surements under a compression mode are adopted for testing foam
materials as a guidance of physical property. In an SS curve with
foam-typed materials, there are three regions of deformation mecha-
nisms (linear elastic, plateau, and densification), and those defor-
mation regions are manifested by strut bending, buckling, and
overall collapse [29]. Fig. 9 shows three regions of stress accumula-
tion modes with increasing material strain, and the material tough-

Fig. 8. Sound absorption coefficient (a) and acoustic activity (b) of polyurethane foams from horizontal and vertical flow directions.

Fig. 9. Stress-strain behavior of foamed materials. Schematic illus-
trations showing cell morphologies for horizontal and verti-
cal samples, and relative energy absorptions with small and
large cavities.
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ness can be estimated by integrating the SS curve. At the beginning
of deformation, strut bending can be assigned for the linear elastic
region, and then strut buckling is in charge of the following defor-
mation through the long-side walls of the cavities. Finally, the cavi-
ties are totally compressed under densification mode with stiff
stress increment. As shown in Fig. 9, the cavity arrangements are
distinct depending on the flow directions, and they can play a crit-
ical role in the strut bending and buckling deformations. In addition,
the cell walls in small cavity case absorb higher energy through
strut bending and buckling processes during deformation than
those in the large cavities, due to the large difference of cell wall
populations. Therefore, as noted at the bottom of Fig. 9, the over-
all toughness can be much higher in the sample with small cavi-
ties than that with large cavities.

Fig. 10(a) shows the SS behavior of the samples manufactured
with two types of catalysts at three different sampling locations,
and Fig. 10(b) shows the effect of flow direction on SS curves. The
foam samples with DBTDL catalyst reveal stronger linear elastic
deformation region than with Dabco 33LV catalyst, and they also
show higher plateau and densification stress. Overall, higher tough-
ness of polyurethane foams at three different locations was obtained
with DBTDL catalyst than with Dabco 33LV catalyst, and it is
mainly due to the enhanced cell wall populations with homoge-
neously distributed small cavities, as demonstrated in Fig. 9. Addi-
tionally, the samples from the horizontal plane showed higher energy
absorption in SS curves than from the vertical plane, regardless of
the types of catalysts. It showed the strong dependency of cell mor-
phology on flow direction, and the smaller cross-sectional area of
the cavities in the horizontal plane produced higher stress values
under strain than the larger cross-sectional area of the cavities in
the vertical plane (see schematic diagram in Fig. 9). Therefore, the
SS behavior is also strongly dependent on the cell morphology,
and it is advantageous to have homogeneous small cavity distribu-
tions for improved toughness of foamed materials.

CONCLUSIONS

Free-rising polyurethane foams were fabricated by applying two
types of gelling catalysts for designing fine cell morphology to im-
prove sound absorption coefficients, and the cellular structure of
polyurethane foams was examined for the two cases. FTIR-ATR

spectroscopy was used to investigate the relative reaction rates of
gelling catalysts, and the DBTDL case revealed faster and higher
gelling reactivity than the Dabco 33LV case. Subsequently, this dif-
ferent gelling reactivity impacts on the final cell morphology. With
high gelling reactivity in DBTDL case, the cavity and pore sizes
were finer than Dabco 33LV case due to the relatively high poly-
urethane matrix strength developed by fast gelling reaction. Homo-
geneously distributed smaller spherical cavities showed higher sound
absorption coefficient than the irregularly scattered larger elliptical
cavities. The stress energy absorption during strain deformation
was much improved with the smaller spherical cavities from the
stress-strain measurements. Therefore, it is very advantageous to
have homogeneously distributed small spherical cavities to achieve
good sound absorption in various acoustic environments and high
toughness of material deformations under applied forces.
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