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Abstract—Noises generated in automobile compartments can be controlled by utilizing sound absorption and insula-
tion materials such as polyurethane foams. Polyurethane foams are synthesized by varying polymeric methylene diphe-
nyl diisocyanate (MDI) content for exploring the effect of high functional isocyanate on cellular and acoustic
properties. The use of polymeric MDI affects polyurethane matrix modulus and drainage flow rate of the foams, and it
also has strong effects on cell structure and air flow resistance (AFR). The highest sound absorption coefficient is
achieved at the optimum amount of the polymeric MDI. Therefore, the optimum amount of polymeric MDI content is
recommended to achieve not only high sound absorption coefficient but also high transmission loss from the polyure-

thane foams.
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INTRODUCTION

Noise pollution has been a serious problem with growing num-
bers of automobiles, and it is becoming a major concern in pur-
chasing automobile products for comfortable driving environments.
Automotive noise pollution generally consists of the structure-borne
and airborne noises from driving conditions. For this reason, the
sound absorption efficiency is crucial in designing automotive
interior materials [1,2]. A notable portion of the structure-borne
noise occurs in the low frequency regime (30 to 500 Hz), and air-
borne noise occurs in medium and high frequency regimes (500
to 8,000 Hz) [3]. These noises can be prevented from driving sys-
tems by using sound absorption materials. Generally, stacked piles
of sound absorption and insulation materials are used to control
noises from leaked and reflected sounds. Among various noise con-
trolling materials, polyurethane foams have a wide range of appli-
cations because of high sound absorption efficiency and easy pro-
duction. Various studies have been reported utilizing various fillers
for polyurethane composite foams as a sound absorption material
[4-7]. Sung et al. [4] proposed improved sound absorption effi-
ciency of polyurethane composite foams including plate-like fillers,
and Verdejo et al. [5] also reported the effect of carbon nanotube
on sound absorption efficiency of polyurethane foams. In addition,
micron-size [6] and nano-size fillers (silica and clay) [7] were also
used for obtaining higher sound absorption efficiency of polyure-
thane foams. Besides sound absorption applications, a few results
as an insulation material were reported utilizing rice-hull fillers for
polyurethane composite foams [8].

In addition to the usage of fillers to improve acoustic properties
of polyurethane foams, various ingredients in fabricating polyure-

"To whom correspondence should be addressed.
E-mail: jhkimad@uos.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

1222

thane foams are crucial for modulating cell morphology on enhance-
ments of sound absorption efficiency [9]. Isocyanate is an especially
key component in polyurethane polymerization, and thus the type
of isocyanate molecular structure is crucial to obtain desired cav-
ity and pore sizes. The isocyanate structure affects the reaction rate
and drainage flow rates during cell formation to form polyurethane
struts and walls. Physical properties of the polyurethane foams can
also be influenced by experimental foaming processes, such as
one-step and pre-polymer methods.

In this study, we fabricated polyurethane foams with various
amounts of polymeric MDI which contains multiple NCO func-
tional groups. Multiple NCO functionalities of polymeric MDI help
to form networks in polyurethane foam matrix, and so it leads to
the decrease of drainage flow rate at high content of polymeric MDL
Morphological properties such as cavity and pore sizes and open
porosity are strongly dependent on the ratio of polymeric MDI to
the isocyanate mixture. Therefore, the effect of polymeric MDI con-
tent on the acoustic behaviors was investigated by analyzing mor-
phology and air flow resistance of the polyurethane foams. For
morphological analysis, the image pro-plus software was utilized
for scanning electron microscopy images to obtain average results
of the cavity and pore sizes as well as open porosity.

EXPERIMENTAL

1. Materials

Polyurethane foams were manufactured using a polyether based
polyol (KE-810, KPX Chemical, OH value 28+2, M, 6,000 g/
mol, average functionality (f,)=3) and two types of isocyanate.
The isocyanates are KW 5029/1C-B (%NCO 35+0.5, BASF) and
COSMONATE SR500 (%NCO 31+0.5, Kumho Mitsui Chemicals).
KW 5029/1C-B consists of 70% monomeric MDI, 12.5% polymeric
MDI, and 17.5% toluene diisocyanate in mole per grams. The aver-
age numbers of NCO groups per molecule are close to 2.0 for KW
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Fig. 1. Chemical structure of various isocyanates.

5029/1C-B and 2.85 for COSMONATE SR500 (polymeric MDI
mixture), respectively. Therefore, the number of NCO groups per
molecule in the isocyanate mixture can be controlled by varying
the mixing ratio of both isocyanate components. Viscosities of
KW 5029/1C-B and COSMONATE SR500 are 0.2 and 5.0 g cm ™'
s 'at25°C.

Fig. 1 shows the individual molecular structures of the three
types of isocyanates used in this study. BL11 (70% bis(2-dimethyl-
aminoethyl) ether (BDMAEE) diluted with 30% dipropylene gly-
col) and Dabco 33LV (33% triethylenediamine (TEDA) and 67%
dipropylene glycol) were used as blowing and gelling catalysts from
Air products and Chemicals. Diethanolamine (DEA) was used as
a cross-linking agent, and de-ionized water (H,O) was used as a
blowing agent. Silicon surfactant L-3002 (Momentive Corp) was used
for stabilizing cavities and interconnecting pores in the foams.

2. Synthesis

Bulk polymerization without a pre-polymer synthesis step was
performed in an aluminum mold (400x400x30 mm’). First, the
pre-mixture systems (containing polyol, chain extender, gelling and
blowing catalyst, H,O, and silicon surfactant) were weighed in a
400 mL paper cup and mixed with a mechanical stirrer (EURO
STAR 20, IKA) for 20 min at 1,700 rpm. Second, the weighed iso-
cyanate mixtures were added to the pre-mixture systems and mixed
further for 10s at 6,000 rpm. After the mixing process, the final
mixtures were poured into the mold, and the mold was tightly
clamped with the mold cover and kept at 60 °C for 10 min. Detailed
formulations are shown in Table 1 by considering the mold vol-
ume. For example, 42 g of polymeric MDI in the first formulation
can be obtained from 21 g of SR-500 (100 wt% polymeric MDI)

Table 1. The formulations of various polyurethane foams

Ingredient Formulation (g)"

Polyol (KE-810) 300

Isocyanate A (SR-500) 21 42 62 83 104
Isocyanate B (KW5029/1C-B) 166 147 129 110 92
Polymeric MDI contents 42 60 78 97 115
L-3002 3.96

BL-11 0.24

Dabco 33LV 2.16

DEOA 1.8

Water 12

"NCO Index: 1.0

and 166 g of KW5029/1C-B (12.5 wt% polymeric MDI).

The isocyanate content was calculated by keeping the NCO index
as 1.0, as reported elsewhere [10]. All polyurethane foams were fab-
ricated at room temperature and 50+10% relative humidity, and
they have average density about 60+10 kg/m’.

3. Morphology

Cellular structures of cavities and interconnecting pores were
examined with scanning electron microscopy (SEM, SNE-3000M,
SEC Co. Ltd,, at 30 kV). The samples for SEM measurements were
treated with a gold film sputter (MCM 100, SEC Co. Ltd.), and the
operational power was 30 kV. SEM samples were prepared from
the mold foams in several different locations. Approximately 10
SEM images and Image Pro Plus software were used in analyzing
sizes of the cavities and pores and types of pores (open, partial-open,
close). A typical image including open, partially open, and close
pores is shown in Fig. 2, and the cavity structure in the polyure-
thane foam is also noted in the image.

4. Air Flow Resistance

Air flow resistance (Rs, AFR) is a physical property showing pres-
sure drop related to the amount of material porosity. AFR was meas-
ured to understand the propagation of sound waves through poly-
urethane foams with the air flow resistance system device (Auto-
neum Holding Ltd., Switzerland). AFR measurements were per-

g~ Partial-open pore

"*)’%Tk\_

Fig. 2. SEM image defining areas for cavity and three types of pores
(open, partial-open and close).
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formed following ASTM C522-03 at 0.042 m/s air flow rate and
room temperature. The results were analyzed using the VECTOR
software following the equation:

RS=[kg/s~m2]=§><A, 0

where AP [kg/s*m], q, [m’/s] and A denote pressure difference, vol-
umetric airflow rate, and cross sectional area.
5. Thermo-mechanical Properties

Dynamic mechanical analyzer (DMA, Q800, TA instruments,
USA) was used in a compression mode to measure glass transition
temperature of polyurethane foams. Cylindrical samples were man-
ufactured as 0.8 cm thickness and 4 cm diameter. Operating fre-
quency and amplitude were maintained within 1 Hz and 40 um,
respectively. Scanning temperature ranged from —70°C to 20°C
with a heating rate of 5 °C per min. Tan drepresenting the glass tran-
sition temperature of samples was calculated by measuring response
energies from applied oscillating stress of the samples.
6. Acoustic Properties

Sound absorption property of polyurethane foams was meas-
ured by the impedance tube method (Type 7758, B&K Korea) at

room temperature. The sound absorption analysis was performed
following the ASTM E1050-12 based on the transfer function
method. The measurements were done for each sample in the fre-
quency range from 160 Hz to 6,300 Hz with two 1/4 inch micro-
phones. The sample thickness was 20 mm, and the sample diameters
for high (500-6,300 Hz) and low frequency (160-800 Hz) measure-
ments were 30 and 100 mm, respectively. The sound absorption
was obtained by combining low and high frequency results using
the Pulse and VA-LAB4 software for single range plots.
7. Compression Strength

The compression strength was measured at room temperature
using a universal test machine (UTM, LS1, Lloyd Instruments Ltd.)
according to ASTM D395-16 at a crosshead speed of 100 mm min™".
The cylindrical sample dimension for the compression test was 60
mm in diameter with 20 mm thickness. The compression tests were
performed for 70% strain condition.

RESULTS AND DISCUSSION

1. Morphology
Cellular morphology is closely related to the physical and acous-

Fig. 3. SEM images of polyurethane foams with various polymeric MDI content (g): 42 (a), 60 (b), 78 (c), 97 (d), 115 (e).
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tic properties because porosity and cavity sizes significantly affect
the material density and air propagation through materials [11].
Fig. 3 shows SEM images for the variation of cavity and pore sizes
with increasing polymeric MDI mole per grams in polyurethane
systems, and cavity and pore sizes are decreasing with increasing
the polymeric MDI contents. It could be attributed to the increased
matrix viscosity and modulus resulting from high crosslinking
reaction with the increased polymeric MDI content.

For example, increased matrix viscosity with polymeric MDI
induces decreased drainage flow rate during polymerization, and it
thus gives unfavorable condition for cavities and pore formation
[9,12]. In addition, high crosslinking density of polyurethane matrix
produced from high functional polymeric MDI further improves
the modulus of polyurethane matrix during blowing reaction.
Therefore, use of multifunctional polymeric MDI in fabrication of
polyurethane foams affects significantly the formation of the cellu-
lar morphology.

In more details, Fig. 4 shows the cavity and pore diameters, open
porosity; and relative ratio of the pore types. As the similar demon-
stration above in Fig. 3, the average diameters of cavity and pore
are decreasing about 28% and 44%, respectively, as shown in Fig.
4(a) and 4(b). Higher decrement of pore sizes is possibly due to
the sequential formation mechanisms of cavity and pores, and the
change of pore sizes also influences on air flow resistance, which is
closely associated with collisions of sound waves with the cell walls
and struts.

Typically, the interconnecting pores are formed simultaneously
or after the cavity formation [13], and so pore interconnection is
significantly affected by the viscosity and modulus of matrix mate-
rial. In addition, the relative number of pore types is strongly related
to the airflow resistance and open porosity. The open porosity was
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also analyzed following Eq. (2) [14]:
Open porosity=(N,+N,x0.5)/(N,+N,+N,), 2)

where N,, N,, N, are the number of open, partial-open, and close
pores. Fig. 4(c) also shows the decreasing tendency of porosity with
increasing polymeric MDI content, and it is again possibly due to
the high possibility of presence of closed pores at high viscosity and
modulus of matrix. Fig. 4(d) presents the relative ratios of open,
partial-open, and close pores as a function of polymeric MDI con-
tent. Contrary to decreasing tendency of the open pores, the rela-
tive ratios of partial-open and close pores are increasing with
polymeric MDI content. In addition, at the highest polymeric MDI
content, porosity (Fig. 4(c)) and relative pore ratio (Fig. 4(d)) showed
large uncertainties due to the high viscosity delocalization in iso-
cyanate mixtures. This morphological result is intrinsically related
to the following sound absorption property.

Considering the morphological images and results of cavity and
pore analysis shown in Figs. 3 and 4, schematic illustrations of cav-
ity and pore formation mechanisms are shown in Fig. 5. In cavity
formation, relative intensity between matrix modulus and CO, gas
pressure can determine the final cavity sizes. With increasing poly-
meric MDI content, cavity growth can be limited due to the high
resistance by the increased matrix modulus. Gaefke et al. [15] also
reported the effect of increased viscosity of polyurethane polymer
by high crosslinking density of polyurethane foams on the matrix
modulus. In pore formation, drainage flow can be a dominating
factor in competing with the CO, gas pressure generated inside the
cavities, and thus low drainage flow can result into the high number
of closed pores at high polymeric MDI content. Therefore, inclu-
sions of high molecular weight isocyanate with high functionalities
have a significant effect on formation of cavity and interconnect-
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Fig. 4. Cavity diameter (a), pore diameter (b), porosity (c), relative ratio of various pore types (d) with increasing polymeric MDI content (g).
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Fig. 5. Scheme of viscosity effects on cavity and porosity.

ing pores in polyurethane foams.
2. Air Flow Resistance

Air permeation through pores and friction between sound wave
and cell wall are strongly related to morphological properties of
porous materials, and they can be predicted with AFR measure-
ments. The higher the AFR value is, the more collisions between
sound energy and polyurethane matrix occur. In general, AFR in-
creases with decreasing the porosity of porous materials [16]. Fig.
6 shows AFR results as a function of polymeric MDI content, and
it increases with increasing the polymeric MDI content. The AFR
was about 300 kgs ™' m™* at 42 g of polymeric MDI content, and it
increased drastically to 5x10*kgs™ m™ at 115 g of polymeric MDI
content. It is about 160 times higher than 42 g case, and it is surely
due to the decreased porosity and cell size, as shown in Fig. 4. This
increased AFR also represents the difficulty in air and wave propa-
gation through the pores, and thus it can be used to translate the
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Fig. 6. Air flow resistance with polymeric MDI content (g).
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Small close pore

increment in sound absorption coefficient.
3. Dynamic Mechanical Analysis

Varying the content of high functional isocyanate in the isocya-
nate mixture, final polyurethane foams are subjected to different
viscoelastic response under applied stress condition. The nature of
this response can be used to determine the storage and loss mod-
uli of material, and it can also be closely related to the glass transi-
tion temperature (T,) of the material. In DMA, tan Jis defined as
the ratio between the loss modulus and the storage modulus, and
it represents T, counting the relative contribution of the viscous and
elastic properties. In addition, the area under the tan & curve is
strongly associated with damping property of materials. As reported
in several studies, the improved damping property with large area
under the tan & curve showed increased sound absorption effi-

0.8 T ' - T
Polymeric MDI (g)
—_— 42 — 60 — 78

0.6F — 97 —115 y

tan &

-60 -40 -20 0 20
Temperature (°C)

0.0

Fig. 7. Tan & of polyurethane foam with various polymeric MDI con-
tent (g).
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ciency [17-19].

Fig. 7 shows the results of tan ¢ measurements for various poly-
meric MDI content as a function of temperature. As the polymeric
MDI content was increased, the tan & peak moved to higher tem-
perature, while the area under the curve decreased. It could be due
to the decreased mobility of polyurethane chains by high cross-
linking possibility from multifunctional isocyanate groups. This
decreasing area under the tan 6 curve with increasing the poly-
meric MDI content possibly indicates the difficulty of losing energy
by molecular rearrangements and internal frictions, and thus it can
further influence the reduction of sound absorption coefficients.

4. Sound Absorption Efficiency

Non-acoustic parameters such as cell morphology, stiffness of
cell walls, and environmental conditions determine the resulting
efficiencies of sound absorption through polyurethane foams (7,
17,20-23]. The sound absorption property results from two major
sound absorption mechanisms: friction of air molecules with sound
energy; collision of sound waves with polyurethane matrix. For this
reason, the sound absorption coefficient could be efficiently ana-
lyzed by using AFR measurements [8]. In automotive applications,
the sound absorption materials are crucial in reducing reflected
sound energy from secondary noises.

Fig. 8(a) shows the sound absorption coefficient, and Fig. 8(b)
represents the noise reduction coefficient (NRC, arithmetic mean
of absorption coefficients at 250, 500, 1000, and 2,000 Hz), which is
generally used for interpretation of the sound absorption [24-26].

Considering the AFR results in Fig. 6, the sound absorption of
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Fig. 8. Sound absorption coefficient (a) and noise reduction coeffi-
cient (b) with various polymeric MDI content (g).

the foams is low at low AFR values, but it reaches a maximum value
at 60 g of polymeric MDI content as increasing the AFR. After the
maximum point, it starts to decrease with further increasing AFR
because little sound energy can be absorbed through interior cells
with increased difficulty of wave penetration at high AFR with low
open porosity. In addition, the AFR effect on sound absorption
coefficient, decreased damping property at high polymeric MDI
content can cause reduction of sound absorption, as revealed in
tan O curves in Fig. 7. This reduced damping phenomenon showed
a negative effect on the sound absorption by decreased collision
possibility of sound waves with polyurethane matrix. In addition,
the sound absorption coefficient results showed two distinct regimes:
low (160-1,500 Hz) and high (1,500-6,300 Hz) frequency ranges. In
low frequency region, the sound absorption coefficient increased
with increasing the polymeric MDI content, and it is possibly due
to the resonance effects of polyurethane foams with reduced vacant
volume, including small cavity sizes, as mentioned in several stud-
ies [27,28]. On the contrary, in high frequency region, the sound
absorption coefficient generally decreased with increasing the poly-
meric MDI content due to the decreased damping effect. From
these results, optimum amount of polymeric MDI content (60 g)
is recommended to achieve high sound absorption coefficient.
5. Compression Strength

For applications of polyurethane foams in sound absorption mate-
rials, it is important to maintain their physical strength for long-
term usages [10,29]. The compression strength as a function of
polymeric MDI in the isocyanate is shown in Fig. 9. The physical
strength of foams is strongly related to the foam morphology. The
compression strength increases with increasing the polymeric MDI
contents and it could be due to the reduced cavity and pore sizes
and due to the decreased porosity; as mentioned in the morpho-
logical analysis section (Fig. 4). The decrease of cavity and pore
sizes can lead to the increase of strut size, which can act as a robust
supporting wall, and decreased porosity can also generate a high
number of partially open and closed pores for increased foam
strength. In addition, increased T, from tan & curves (Fig. 7) at high
polymeric MDI content also improves the compression strength
and possibility of long term usages of the polyurethane foam prod-
ucts. Therefore, improved compression strength with high content

120 — — —
100
80'
60'
40
20'
0.

Compression strength (kPa)

40 60 80 100 120
Polymeric MDI contents (g)

Fig. 9. Compression strength as a function of polymeric MDI con-
tent (g).
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of the polymeric MDI is promising in applications of polyure-
thane foams for automotive sound absorption materials.

CONCLUSIONS

Polyurethane foams were fabricated with various polymeric MDI
content for exploring the effect of isocyanate functionality on the
cell morphology and acoustic property. As increasing the polymeric
MDI contents, cavity and pore sizes of the foams were decreased
not only by the increased polyurethane matrix modulus but also
by the low drainage flow rate. The reduced flow also decreased the
open porosity of the foams. These morphological changes from
the increased polymeric MDI content increased the air flow resis-
tivity drastically about 160 times. This high AFR directly improved
the sound absorption coefficient because of the difficulty in wave
penetration. The sound absorption coefficient was low at low AFR
values, but it reached a maximum value as the AFR further increased.
After the maximum point, sound absorption decreased with in-
creasing AFR because little sound energy could be absorbed through
interior cells at too high AFR. Therefore, the optimum amount of
polymeric MDI content is recommended to achieve a high sound
absorption coefficient from the polyurethane foams.
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