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Abstract: Polyurethane (PU) foams are widely used as sound-absorbing materials in automobile interiors because of their
light weight and shaping ability. In this study, the morphology, sound absorption coefficient, and thermomechanical prop-
erties of PU foams with cyclopentane as a co-blowing agent and melamine particles as fillers were analyzed. The addition
of cyclopentane and melamine particles affected the viscosity of the polyol system and the interfacial compatibility
between the fillers and the PU matrix, resulting in cavity and pore structures. However, when excessive amounts of cyclo-
pentane were added, the viscosity decreased significantly, which weakened the cavity walls and led to a decrease in sound
absorption performance. It was further confirmed that the sound absorption performance decreased owing to particle
agglomeration when excess melamine particles were added. Through a morphological analysis, the cavity/pore size and

open porosity were found to be strongly related to the sound absorption coefficient.

Keywords: melamine particle, morphology, NCO conversion, polyurethane, cyclopentane.

Introduction

In the modern automobile industry, the demand for reducing
noise pollution in vehicle interiors to create a comfortable
environment for passengers is increasing continuously. Noise
is becoming an important factor in the comfort of passengers
in cars. Noise affects several aspects of human functioning, such
as the psychological state of passengers and work performance,
and significantly impacts the overall riding experience and sat-
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isfaction.! Passengers in cars experience two main types of
noise: airborne noise (500-8000 Hz) caused by collisions between
air molecules and the car, and structure-borne noise (30-500 Hz)
caused by mechanical vibrations.” Therefore, various methods
such as impedance mismatch or vibration isolation are consid-
ered in a broad sense to control airborne and structure-borne
noise.’ Therefore, it is important to manufacture materials that
can induce viscous airflow and friction against pore walls to
improve sound absorption characteristics.*

Currently, various attempts are being made to improve the
sound-absorption characteristics of PU composite foams. Meth-
ods for controlling the main components of the polyol system
have also been developed, such as changing the types of poly-
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ols,*® catalysts,”® isocyanates,”'* blowing agents,® and cross-
linkers."" These studies are being conducted in the modern
automobile industry to create a comfortable interior environ-
ment for passengers, along with the positive experiences of
passengers. Controlling the internal morphology is becoming
important in terms of sound absorption characteristics. The
combined use of chemical and physical blowing agents acts as

1213 and fillers are

a mechanism to reduce the internal cell size,
also effective additives that can change the internal morphol-
ogy.'*!® These materials can be used to modulate the viscosity,
strength, and viscoelasticity of the PU composite foams. Addi-
tionally, when fillers are used as additives, the interfacial inter-
action between the PU matrix and fillers becomes important.
Various methods are studied to achieve effective interactions,
such as the use of silane coupling agents,' oleic acid,"” dis-
persants,'® and sonication." The interfacial interaction between
the PU matrix and fillers is an important parameter for deter-
mining foam properties. Therefore, determining the optimal con-
tent of the materials used will play an important role in producing
PU foam with excellent sound absorption characteristics, which
is currently being studied.

In this study, we aim to improve the sound absorption prop-
erties of PU composite foams using cyclopentane and melamine
particles. First, we investigated the optimal cyclopentane con-
tent for use as a co-blowing agent. Second, we added melamine
particles to the optimal cyclopentane content to improve sound
absorption. A dispersant was used to reduce the agglomeration
of the melamine particles, reduce the viscosity of the polyol
system, and increase its dispersion stability of the polyol system.
The viscosity of the polyol system reduced by cyclopentane and
dispersant was analyzed using Fourier transform infrared (FTIR)
spectroscopy. The morphology changed with the use of cyclo-
pentane and melamine particles was analyzed using scanning
electron microscopy (SEM). With an aid of the model calcu-
lation for the sound absorption coefficient, the optimal contents
of the cyclopentane and melamine particles were determined
for the best sound absorption performance through impedance
tube analyses. The damping properties of the PU composite
foams were also measured to understand the close relationship
with the sound absorption property using dynamic mechanical
analysis (DMA).

Experimental

Materials. Polyether polyol (PPG-6000, OH-value: 28+2, M,:
6000 g/mol, f,,: 3, Kumho Petrochemical, Korea) and the iso-

cyanate (KW 5029/1C-B, %NCO of 35+0.5, 290 cps at 25 C,
78 wt% of 4,4-methylene bis(phenyl isocyanate), 5 wt% of
benzene 1,1 methylene bis(4-isocyanato), and 17 wt% of tol-
uene diisocyanate, BASF, Germany) were used to synthesize the
PU composite foams. DABCO 33LV (67 wt% dipropylene gly-
col and 33 wt% triethylenediamine, Air Products and Chemicals,
USA) was used as a gelling catalyst. Additionally, DABCO BL17
(78 wt% bis(dimethylaminoethyl)-etherformate dipropylene gly-
col solution, Air Products and Chemicals, USA) was used as a
blowing catalyst. Diethanolamine (DEA, M,,: 105.14 g/mol, Sigma-
Aldrich, USA) was used as the crosslinker. Deionized water was
used as the chemical blowing agent. Momentive L-3002 (USA)
was used as a surfactant, and cyclopentane (95%, M,,: 70.13 g/mol,
SAMCHUN, Korea) was used as a physical co-blowing agent.
Melamine particles (M2659, 430£15 pm, Sigma-Aldrich, USA)
were used as a filler in the PU composite foam. Evonik PE-40
(Germany) was used as a dispersant to achieve a uniform dis-
tribution of melamine particles in the polyol mixture during the
premixing step.

Synthesis. Flexible PU foams were fabricated via a one-shot
polymerization by mixing a polyol system with isocyanate. First,
the polyol system (polyol, gelling catalyst, blowing catalyst,
cross-linker, blowing agent, surfactant, co-blowing agent, melamine
particles, and dispersant) was weighed in a 1 L paper cup and
stirred at 1700 rpm for 10 min. The detailed formulations of
the PU composite foams are presented in Table 1. Then, pre-
weighed isocyanate was added to the stirred polyol system and
stirred at 6000 rpm for 10 s, and the PU mixture was put into
an aluminum mold (200x200x50 mm?®) for curing at 60 ‘C for
20 min. Finally, the PU foam was removed from the aluminum
mold, crushed three times on the front and back of the foam, and
stored at room temperature for three days. All the foam samples
were prepared without the skin layer (10 mm outer surface).

Sample Characterization. FTIR Spectroscopy: FTIR spec-
troscopy (Frontier, PerkinElmer Inc., USA) equipped with an
attenuated total-reflectance (ATR) accessory was used to ana-
lyze the reaction rates of PU composite foams including cyclo-
pentane and dispersants by comparing the NCO conversion
rates. FTIR data were collected in four scans at a resolution of
4 cm™ and functional group changes were tracked using time-
based software. A sample of the reaction mixture was placed
on a diamond crystal and scanned at 8-second intervals for
60 min using an ATR accessory. After baseline correction, the
NCO conversion was calculated using Eq. (1).

. 1,
NCO conversion = 1—]—l (1)

0
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Table 1. Formulation Details for Fabrications of Polyurethane Foams

Material Content (g)
Polyol (PPG-6000) 100
Gelling catalyst (33LV) 0.72
Blowing catalyst (BL17) 0.08
Cross-linker (DEA) 0.60
Blowing agent (Water) 3.00
fy‘;‘éﬂ Surfactant (L-3002) 132
Co-blowing agent (C-pentane) 0.0 0.62 1.23 1.84 3.65 5.41
(Wt%) (0.0) (0.5) (1.0) (1.5) (3.0) 4.5)
Melamine particle (M2659) 0.0 1.21 2.42 3.61 478 5.94
(Wt%) (0.0) (1.0) (2.0) (3.0) (4.0) (5.0)
Dispersant (PE40) 1.0
Isocyanate* (KW5029/1C-B) 61.41

*NCO Index: 1.0

The normalized peak heights of the free NCO stretching
band at the start of the reaction and at time ¢ are denoted as /,
and I, respectively. The heights of the free NCO stretching
band between 2270 and 2250 cm™ were normalized using the
internal standard peak at 2970 cm™ (C-H stretching band)
during polymerization?**'

Morphology: A scanning electron microscope (SEM, SNE-
3000 M, SEC Co. Ltd., at 15 kV, Korea) was used to investi-
gate the microstructure of the foams. A sputter (MCM100, SEC
Co. Ltd., Korea) was used to coat a gold film on the sample,
and 15 images per sample were obtained and analyzed. The
obtained images were analyzed using the Image-Pro Plus soft-
ware. In each image, we analyzed the number of cavities, open
pores, partially open pores, and closed pores and analyzed their
average diameters and standard deviations.

Sound Absorption Property: We used two impedance tubes
(BSWA SW 470 for the high-frequency, BSWA SW420 for the
mid- and low-frequency) installed with two 1/4-inch micro-
phones (MPA416, BSWA) to measure the sound absorption
coefficient of the PU composite foams. All samples were cut
to 20 mm thickness and diameters of 30 mm and 100 mm for
high-frequency (1000-6300 Hz) and mid- and low-frequency
(63-1600 Hz) measurements, respectively. To analyze the results
from low frequency to high frequency, the VA-Lab software
(BSWA) was utilized to combine them and generate a single
sound absorption coefficient plot. Also, we analyzed the acous-
tic activity (AA) and the noise reduction coefficients (NRC).
AA was calculated as the average of the absorption coefficients
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across the entire frequency range, and NRC was obtained by
averaging the absorption coefficients at 250, 500, 1000, and
2000 Hz.

Dynamic Mechanical Analysis: The storage modulus (£")
and loss modulus (E") were measured using DMA (Q800,
TA Instruments, USA), and the tan 6 was calculated as E"/E".
Cylindrical samples with a diameter of 40 mm and a thickness of
8 mm were prepared for the measurements, and the measure-
ments were conducted at a heating rate of 5 C/min, from
-80 C to +20 C, and a frequency of 1 Hz with an amplitude
of 40 mm.

Results and Discussion

Optimization of the Cyclopentane Content in PU Composite
Foams. In the application of cyclopentane as a co-blowing
agent, determining the optimal cyclopentane content is important
for achieving synergistic performance with a chemical blowing
agent (water). Applying cyclopentane and melamine particles in
manufacturing the PU composite foams is sequentially inves-
tigated for improving the sound absorption coefficient, and firstly
the optimal amount of cyclopentane was examined by accessing
the sound absorption coefficient.

Morphology: The porous morphology is closely related to
the sound absorption characteristics of PU foams. This is because
sound waves are significantly affected by the friction between air
molecules and cell walls in the foam. The gas from the physical
blowing agent and the CO, produced by the chemical blowing
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agent began forming after the polyol system was mixed with the
isocyanate. The generated gases gradually increased in amount,
and through the process of merging, the bubbles grew, providing
nucleation sites. The internal shape of the foam varies depend-
ing on the properties of the material used to fabricate polyure-
thane foam. The formation of fine-sized cavities and pores is
effective in improving the sound absorption coefficient and
sound wave dispersion. Therefore, it is important to include
gas molecules in forming cavities for an appropriate size.

To analyze the morphology of the PU foams according to
the cyclopentane content, 15 images per sample were analyzed
using Image Pro Plus software to determine the pore size, cav-
ity size, and open porosity. Open porosity was calculated using
the following equation:

Open porosity = (Ny + N,/2) / (Ny + N, + N,) 2

N, N,, and N, represent the numbers of open, partially open,
and closed pores, respectively.” Table 2 summarizes the cavity
and pore sizes and open porosity by varying the cyclopentane
contents. As the amount of cyclopentane increased, the cavity
and pore sizes gradually decreased. The polymerization and
crosslinking reactions of the PU foams generate a significant
amount of heat, and the generated heat quickly makes the
cyclopentane vaporize, leading to small cavities and pores cre-
ated.”® However, chemical blowing alone creates CO, gas mol-
ecules gradually, and the formed bubbles have time to merge
with other bubbles; thus, the cavity and pore sizes become larger
than those from the cyclopentane case. In addition, the use of
cyclopentane also reduces viscosity in the polyol system. For
example, cyclopentane does not chemically interact with the
chains, however when well dispersed in the matrix through
high-speed stirring, it spatially inserts itself between the chains,
reducing their proximity. This weakens intermolecular interac-
tions, increases chain mobility, lowers viscosity, and ultimately
enhances the drainage flow rate. Whether cyclopentane reduces

Table 2. Pore Size, Cavity Size, and Open Porosity According to
Cyclopentane Content

NCO Conversion

1.0

87

C-pentane content  Pore size Cavity size Open
(Wt%) (um) (um) porosity
0.0 143+88 432+237 0.790
0.5 137491 386277 0.780
1.0 133491 3834243 0.777
1.5 113456 353+164 0.760
3.0 128468 377+187 0.792
4.5 129+74 379+180 0.796

04H/ ~"  wio dispersant W/ dispersant i
’ W/OC-pentane = W/O C-pentane
] Wi C-pentane = W/ C-pentane
0.2 E
0.0 L L 1 " L L L

0 500 1000 1500 2000 2500 3000 3500
Time (sec)
Figure 1. Initial NCO conversion of PU composite foams contain-

ing 2 wt% melamine filler, with and without the addition of disper-
sant and cyclopentane.

the viscosity of the polyol system can be implied through an
NCO conversion rate analysis. Figure 1 shows initial NCO
conversion of PU composite foams containing 2 wt% melamine
filler, with and without the dispersant and cyclopentane. It
demonstrated the highest NCO conversion when both cyclo-
pentane and dispersant were applied in fabrications of the foams.
It is possibly because the use of cyclopentane reduces the vis-
cosity of the polyol system, which improves the dispersions of
reactive functional groups for increasing the possibility of -OH
and -NCO interactions. These phenomena further led to an
increase in drainage flow and high NCO conversion.'® On the
contrary, the cavity and pore sizes begins to increase after 1.5 wt%,
and it is because the viscosity of the polyol system decreased
significantly when an excessive amount of cyclopentane was
added. Significant viscosity reduction leads to excessive drain-
age flow, which weakens the cavity walls in the PU foams. This
leads to decrease in cavity wall strength, causing the walls to break
down during the foaming process. This causes bubble coales-
cence, leading to an increase cavity and pore sizes.

Sound Absorption Coefficient («): The sound absorption
coefficient (&) is expressed as the ratio of the sound waves
absorbed to the incident on the PU foams. In general, PU foams
absorb sound waves by converting them into heat, which reduces
the sound intensity. This property can be interpreted as a major
factor in improving the airflow resistance of PU foams, includ-
ing airflow resistivity and tortuosity. To understand the effect
of each parameter on the sound absorption coefficient, model
calculations were performed based on previous studies.’* Fig-

Polym. Korea, Vol. 50, No. 1, 2026
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Figure 2. Model calculation for sound absorption coefficient con-
sidering air flow resistivity and tortuosity. It shows the changing
graph shape when the airflow resistivity and tortuosity are increased
by 60 %. For reference, r = 1.2x10*%, s = 1.6, o = 0.8; 60% increment

of airflow resistivity, r=1.92x10% 60% increment of tortuosity,
§s=2.56.2

ure 2 shows the sound absorption coefficient (&) according to
the effect of air flow resistivity and tortuosity. When the air-
flow resistivity increased by 60%, the peak value of the sound
absorption coefficient increased by approximately 23%. This
indicates that the increased airflow resistance led to a decrease
in sound energy, and it was found that a decrease in sound
energy occurred in the direction where the maximum peak value
of the graph shape increased. When the tortuosity increased by
60%, the graph shape shifted to the low-frequency range. Tor-
tuosity is the actual path lengths (of air molecules through the
foam) divided by the material thickness, and so it had the
greatest effect at the 1/4 wavelength point. This is the point at
which the sound path length through the tortuosity of the PU
foam is one-fourth of the wavelength, where the incident and
reflected waves meet in opposite phases and cause destructive
interference, thereby maximizing the sound absorption perfor-
mance.”** Therefore, the path of the reflected sound increases
by half a wavelength due to tortuosity, leading to maximum
energy dissipation. Consequently, the increased quarter-wave-
length point causes the sound absorption peak to shift toward
the low-frequency range. Figure 3 shows the sound absorption
coefficients according to cyclopentane contents. As shown in
Figure 3(a), the sound absorption coefficient (e vane) increases
up to 1.5 wt% and then decreases. This can be attributed to open
porosity (Table 2) and airflow resistivity.'® It promotes reflec-
tions and scattering of sound waves in the foams, thereby enhanc-
ing sound energy dissipation. Therefore, when the cyclopentane
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Figure 3. Sound absorption coefficient according to cyclopentane
content in the PU composite foams for (a) the peak values; (b) the
peak frequencies.

content was 1.5 wt%, it was confirmed that the sample exhibited
the smallest open porosity and the largest airflow resistivity. In
addition, Figure 3(b) shows the lowest frequency of the max-
imum peak at 1.5 wt% of cyclopentane. This confirms that the
highest tortuosity was achieved when 1.5 wt% of cyclopentane
was added. Based on these observations, it can be understood
that the best sound absorption characteristics are obtained when
1.5 wt% of the cyclopentane are used. Therefore, in the sub-
sequent experiments for optimizing the contents of additional
melamine particles, the cyclopentane was fixed at 1.5 wt%.

Optimization of the Melamine Content in PU Composite
Foams. The optimized 1.5 wt% cyclopentane resulted in the best
sound absorption propetties. In this step, we added melamine par-
ticles to PU foams including 1.5 wt% cyclopentane and inves-
tigated their effects on the PU foam. Melamine’s -NH, groups can
form hydrogen-bond networks with urethane (-NH-COO-) groups,
potentially enhancing interfacial compatibility with the PU matrix.
Therefore, melamine was selected as a filler. In addition, in pre-
vious investigations, the use of dispersants played a role in reducing
the aggregation phenomenon between fillers, so dispersants
were used together with melamine fillers.'®

Morphology: The experiment was conducted by adding
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melamine particles with dispersant. The dispersant interacts with
the melamine particles in various ways. It attaches to the surface
of the melamine particles and increases the wetting and com-
patibility with the polyol system. Figure 4 shows that melamine
particles with dispersant interact well with PU matrix. In addition,
it helps to disperse particles by causing friction on their sur-
face. It also reduces agglomeration by causing static electricity
or steric hindrance on the particle surface. The dispersant phys-
ically bonds to the melamine surface, causing the nonreactive
amine to attach on the surface and generate surface charge that
induce electrostatic repulsion between particles. These reduce
agglomeration of the melamine particles and viscosity.”*”’
Therefore, the increased dispersion stability and decreased vis-
cosity increase the drainage flow, which leads to an increase in

the NCO conversion rate. As shown in Figure 1, by comparing

600 - 300
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E 400f |\ ¥ o 4200
" B »
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2CP1.5 means that PU foam contains 1.5wt% of cyclopentane
BCP1.5+Melx means that CP1.5 filled with x wit% melamine particle

Pore size (pm)

89

the cases with and without cyclopentane, it can be confirmed
that the case with the dispersant had a higher NCO conversion
rate. Figure 5(a) shows the SEM images after the addition of
cyclopentane and melamine particles. This confirmed that the
cavity and pore sizes tended to decrease. To analyze the morphol-
ogy of the melamine particles, 15 images per sample were ana-
lyzed to determine the pore size, cavity size, and open porosity.
Figure 5(b) shows the cavity size and pore size when melamine
particles were added. When 1 wt% melamine particles were added,
the pore and cavity sizes increased comparing to the sample
with only cyclopentane added. As melamine particles were added,
the dispersed particles supported the cavity structure, which was
about to shrink, and mechanically reduced the shrink of the foam
structure. Thus, the cavity and pore sizes increase temporarily.
Also, melamine particles act as nucleation agents that initiate

e
-~
5
T
L

None CP1.5 _1 2 3 4 5
CP1.5 + Mel

Figure 5. (a) Typical SEM images of the PU composite foams including melamine particles and cyclopentane with dispersant; (b) their pore

size, cavity size; (c) open porosity.
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cavity formation.”® This increases the number of nucleation sites,
which in turn leads to small cavity and pore sizes. Subsequently,
when 2 wt% melamine particles were added, the cavity and pore
sizes showed the smallest size. However, it was confirmed that
they showed an increasing trend as more particles were added.
Excessive amounts of melamine particles can negatively affect
the PU foam. This is because the agglomeration of particles can
form a larger cavity.” The agglomeration of the particles can
reduce the cavity formation area, which can ultimately increase
the cavity size. Therefore, when adding a filler to PU foam,
preventing particle agglomeration is the most important factor.
In addition to using a dispersant to reduce particle agglomer-
ation, various methods such as surface modification can be used
to minimize particle agglomeration.®® Figure 5(c) shows that
increasing the amount of melamine particles leads to a decrease in
open porosity. This is because the number of open pores is rel-
atively reduced, while the number of partially open pores
increases with the addition of melamine particles. Also, the
addition of melamine particles increases the viscosity of the
polyol system, which in turn reduces the drainage flow rate."®
Thus, the melamine particles support and strengthen the inter-
nal cavity structure, resulting in the number of decreasing open
pores and increasing partially open pores. This structural change
contributes to the scattering and reflection of sound waves in
PU foams, thereby affecting its sound absorption performance.

Sound Absorption Coefficient («): To investigate the effect
of melamine particles on the sound absorption coefficient, the
sound absorption coefficient according to melamine particle
contents was analyzed, as shown in Figure 6. It was confirmed
that the sound absorption characteristics improved as the melamine
particles increased. This trend showed the best sound absorp-
tion characteristics at 2 wt% and then gradually decreased. A
similar trend can be observed in the change in open porosity
shown in Figure 5(c). This is because the sound absorption
characteristics of PU foams are considerably affected by the
internal morphology.'® As the open porosity decreases, the pos-
sibility of sound waves hitting the cell walls increases, which
can induce sound scattering or reflection. When 2 wt% melamine
particles were added, it was confirmed that the maximum sound
absorption coefficient was 0.993 due to the effects of air flow
resistivity and open porosity. For further analysis, various indi-
cators can be used to evaluate the acoustic characteristics. The
samples were additionally analyzed by using acoustic activity
(AA) and noise reduction coefficient (NRC). The AA was cal-
culated as the average of the sound absorption coefficients in
all frequency ranges, and the NRC was calculated as the aver-
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Figure 7. Acoustic activity and noise reduction coefficient accord-
ing to melamine particle contents with dispersant.

age of the sound absorption coefficients at 250, 500, 1000, and
2000 Hz.*'** As shown in Figure 7, it was found that the highest
AA and NRC values were shown when 1.5 wt% of cyclopentane
and 2 wt% of melamine particles were added together.
Thermomechanical Properties: Sound waves moving through
a porous medium collide with air molecules and cell walls,
resulting in sound wave scattering or reflection and causing
dissipation of sound energy as heat energy through the vibra-
tion-damping motion of the cell walls. This means that the inci-
dent sound waves can be converted into heat energy through the
vibration-damping of the material itself, ultimately reducing the
intensity of the sound waves and enhancing sound absorption.
Tan ¢ is defined as the ratio of the loss modulus to the storage
modulus, which is an indicator of how much of the external
energy is lost as heat energy in the material. A higher tan J value
means better damping properties.”® In terms of acoustic perfor-
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Figure 8. Thermomechanical analysis of tan d with cyclopen-
tane and melamine particles.

mance, PU foam is advantageous incident sound waves are
dissipated as heat. Figure 8 shows the analysis of the thermo-
mechanical properties using representative samples at each step.
The highest tan ¢ peak value was observed in CP1.5+Mel2 sam-
ple and the lowest tan ¢ peak value was observed in the reference
sample with no additives. This indicates that the CP1.5+Mel2
sample exhibited the greatest internal heat energy dissipation,
resulting in significant damping. Due to the high ability to dis-
sipate energy as heat, excellent sound absorption performance
was confirmed in Figure 6 and Figure 7. The glass transition
temperature is also expressed as the temperature at the peak
value of tan 0 (Tpey). It was confirmed that the lowest T
value was observed in CP1.5+Mel2. This result proves that the
CP1.5 + Mel2 sample has good chain mobility in a wide tem-
perature range. These results confirm that superior damping
property leads to improved sound absorption performance.

Conclusions

In this study, we investigated the effects of cyclopentane and
melamine particles on sound-absorbing characteristics. Through
morphological analysis, we confirmed the influence of each
material and enabled us to determine the optimal content. FTIR
analysis confirmed that cyclopentane and dispersant caused a
decrease in viscosity within the polyol. Based on model cal-
culations, we identified the shape of the sound absorption coef-
ficient curve that shows superior acoustic performance. The
analysis of the sound absorption coefficient identified the sam-
ple with optimal acoustic characteristics and determined that
the CP1.5+Mel2 sample exhibited the best performance. Ther-

momechanical analysis revealed that the CP1.5+Mel2 sample
showed high tanJ and low T, which indicates excellent
damping performance.
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