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physical characterization by SEM, TGA, and FTIR, and the sound absorption was
measured by the Impedance Tube Test. The morphology result of the RPU foam
composite indicates the size of the diameter pore influenced the sound absorption by
adding bamboo fiber as a filler. The thermal degradation of the presence of lignin in the
bamboo fiber at the temperature range of 400 °C to 500 °C and the total weight loss is
76 % at 429 °C temperature. FTIR spectrum shows that the peak at 2890 to 2935 cm-1
are indicated —CH stretching vibrations and characteristics for bamboo fiber can be used
in polymer composites. The sound absorption of RPU 25 foam composite reinforced
bamboo fiber was found 0.74 absorbance at a frequency of 1250 Hz. RPU foam
reinforced bamboo fiber as a filler has the highest transmission loss RPU 35 is 21 dB at
a frequency range of 1600 Hz. The findings indicate by increasing the content of bamboo

Keywords: fiber as filler, the diameter of the open pore of RPU 25 and RPU 35 foam composite had
Rigid Polyurethane; bamboo fiber; the potential for sound absorption to absorb at low frequency to achieve greater sound
sound absorption absorption for roof insulation.

1. Introduction

The roof is the most important part of the building envelope and protects it from weather load
and therefore greatly affects the service life of the building. Roof insulation is a means of reducing
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sound from entering the building from the outside environment and avoids unwanted noise from
entering. When it comes to rain noise, it is feasible to insulate the lightweight roof structure by adding
absorptive layers and damping materials [1]. The forces produced when raindrops impact a roof can
be a significant source of noise, particularly for lightweight roofs [2]. The forces produced by the
raindrop impacts induce vibration in the roof structure producing sound, which can be very disruptive
to the occupants below if there is insufficient insulation.

Polymers such as Rigid Polyurethane (RPU) foams as roof insulation have become increasingly
popular in Southeast Asian countries. RPU foams are one of the porous materials, that have been
extensively used for absorbing sound and reducing noise because of their good sound damping,
viscoelasticity, and low density. However, RPU foams usually show unsatisfactory sound absorption
behavior particularly in the low-frequency region due to the limited sound absorption properties of
a single material. Adding various functional particles or reinforced fibers such as bamboo fiber into
the RPU foams has become an efficient method to promote the acoustic properties of RPU foams [3].

Bamboo fiber as natural fiber has been known as green material by its biodegradability, excellent
sustainability, renewable and abundance. Apart from that, the manufacturing of natural fibrous
sound absorbers involves a significantly lower carbon footprint compared to conventional synthetic
sound absorbers [4]. Because of their low toxicity and human safety, the majority of bamboo fibers
are potentially perfect alternatives to conventional sound absorbers. The fundamental mechanism is
energy loss of sound in sound absorption of fibrous materials due to viscous effects and thermal
transfer [4]. Due to the viscosity of air, the sound is dissipated by friction between the pore walls.
Sound absorption is influenced by sound energy losses owing to thermal conduction between the air
and the absorber [5]. At low frequencies, this is usually more relevant. Material vibrations contribute
to sound energy losses as well, but they are frequently less significant than absorption as sound
travels through the linked pores.

Recently, researchers have made increasing kinds of sound absorption materials. Most natural
fibers are potentially ideal alternatives to conventional sound absorbers because of their low toxicity
and their being harmless to human beings. Natural fibers have been known as green materials by
biodegradability, excellent sustainability, renewable and abundance. Apart from that, the
manufacturing of natural fibrous sound absorbers involves a significantly lower carbon footprint
compared to conventional synthetic sound absorbers [4]. Because of their low toxicity and human
safety, the majority of natural fibers are potentially perfect alternatives to conventional sound
absorbers. Fibrous sound absorbers, like any porous material, have a variety of channels and cavities
that allow sound waves to pass through the structure. The fundamental mechanism is energy loss of
sound in sound absorption of fibrous materials due to viscous effects and thermal transfer [4]. Due
to the viscosity of air, the sound is dissipated by friction between the pore walls. Sound absorption is
influenced by sound energy losses owing to thermal conduction between the air and the absorber
[5]. At low frequencies, this is usually more relevant. Material vibrations contribute to sound energy
losses as well but are frequently less significant than absorption as sound travels through the linked
pores.

However, noise is an undesirable sound presented by humans. Noises rise from many sources
such as traffics, factories, or even household. To reduce the perturbation of noises, sound absorption
must be taken as a measure. Sound absorption is a physical phenomenon where sound wave energy
is attenuated inside a material resulting in the reduction of wave energy. Chanlert et al., [6] defined
that sound absorption as a part of a soundwave hitting a surface that does not reflect. There are
many ways to attenuate sound waves such as increasing air resistance or even using destructive
superposition between the incident waves and reflected waves. The term ‘acoustic material’ is
commonly used and applied for material showing high levels of sound absorption. To make an
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acceptable sound absorbing material, several factors affecting the sound absorption property of
acoustic material should be concerned such as porosity, hardness, elasticity, or even surface
morphology [6].

Thus, in this paper, adding bamboo fiber as an alternative filler in rigid polyurethane composite
was to investigate the influence of bamboo fiber on the sound absorption properties of RPU foam
composite. The bamboo fiber was characterized by its physical properties and RPU foam composite
bamboo fiber was measured for the sound absorption coefficient for roof applications. The
innovative product of lightweight roof applications, namely lightweight RPU composite reinforced
bamboo fiber as an idea to create market value based on its potential impact, will be able to reduce
sound in roof applications.

2. Methodology
2.1 Materials

To prepare Rigid Polyurethane (RPU) foams, Polyol TD and F180 Isocyanate were mixed with
polyether polyol and polymeric methylene diisocyanate (PMDI) obtained from Scientifik Bersatu (M)
Sdn. Bhd. The bamboo fiber used from HangTerra Bamboo Sdn Bhd. The bamboo fiber was cut
approximately 3 cm as a filler for the RPU composite.

2.2 Preparation of Fabrication PU composite

To start the process, the ratio of the composite is 1:1, and two components A and B prepared.
Component A consisted of polyether polyol, catalyst, surfactant, and bamboo fiber (with 0 %, 25 %,
30 %, 35 %, and 40 % by weight of polyol) and Component B consisted of polymeric methylene di-
isocyanate (p-MDI) formulated with water as a blowing agent. RPU foam was fabricated using a one-
shot process where components A and B were mixed inside a vessel or container. Components A
were stirred by a mechanical stirrer with a rotor speed of 4000 rpm until the colour turned white,
which usually took 3 minutes. Then, added bamboo fiber filler and component B and stirred for 60
seconds until homogenous. The polymerization process then began, resulting in a urethane bond
produced by polyether polyol and isocyanate, resulting in greater molecular weight. Following the
completion of the expansion, the RPU foam was held inside its vessel for 24 hours for the polymeric
bond to be stable and cut to the specified size to be characterized as illustrated in Figure 1.
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Fig. 1. The process of fabrication of RPU composite with bamboo fiber foam
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3. Physical and Mechanical Characterization of Bamboo Fiber and RPU Composite Foam
3.1 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) is a type of electron microscope JEOL JSM-6380LA that is
used as a concentrated beam of electrons to scan the surface of a sample to produce images. The
SEM was observed in the laboratory of University Tun Hussein Onn Malaysia, Parit Raja, Johor
followed by ASTM D3576. To prevent electrical charge collection, the test samples were coated using
JFC-1600 auto fine coater. The front surface of the bamboo fiber was examined and scanned in a
free-rise direction at the accelerating voltage of 10 kV followed by at 500um 30X magnification.

3.2 Thermo-Gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical technique for determining material thermal
stability and the proportion of volatile components by monitoring the weight change that occurs as
a sample is heated at a constant rate. TGA 550 TA Instrument Trios Discovery Series followed ASTM
E1131 were used to determine the thermal characteristics of the bamboo fiber and conducted at the
Process Control laboratory at University Tun Hussein Onn Malaysia Kampus Pagoh, Johor. The
bamboo fiber sample was heated from 40 °C to 700 °C in a nitrogen environment at a rate of 10
°C/min with a flow rate of 25 ml/min.

3.3 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

Fourier-transform infrared spectroscopy Agilent Technologies Cary 630 FTIR was used followed
by ASTM D6342-12 to determine the chemical structure of bamboo fiber. FTIR testing was conducted
in the chemistry Analytical laboratory at University Tun Hussein Onn Malaysia Kampus Pagoh, Johor.
The measurement was performed with a maximum resolution of 4 for scanning the wavelength range
of about 650 to 4000 cm™,

3.4 Impedance Tube Test

The tubes were observed in the Noise and Vibration Laboratory at the University Tun Hussein
Onn Malaysia Parit Raja, Johor. The BSWA SW series Impedance Tube Test was used to determine
sound absorption and transmission loss by the ASTM E 1050 and ASTM E 2611 requirements. The
sound absorption and transmission loss measurements were used four microphones by the Transfer
Function Process. RPU foam composite with varying weights of bamboo fiber was used to create the
sample. Each sample was classified as 100 mm sizes for low frequency.

4. Results and Discussion
4.1 Effect of Bamboo Fiber Filler on the Diameter Pore Size of RPU Foam Composite

Figure 2 shows the SEM micrographs of RPU foam composite reinforced bamboo fiber. The SEM
observations show that the diameter pore of the RPU foam becomes smaller when added the filler.
The foam is made rigid or strong because the bubbles can resist a lot of pressure [7]. Compare to all
RPU composites, the larger diameter pore size was found on RPU pure foams 0.0703 mm due to the
RPU pure composite containing a small number of surface hydroxyl groups [8,9]. This is because large
surface areas of cell walls were obtained in RPU pure composite with larger diameter pore size which
might be low for sound absorption. Moreover, the porosity in RPU foam composite can be
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determined by the numbers of porosity which leads to lower and higher sound absorption of sound
waves through the RPU foam composite foams [10].

The average diameter pore RPU foam was decreased with an increasing ratio of filler of bamboo
fiber from 0.0703 to 0.0351 mm summarize in Table 1. RPU pure has a spherical shape structure than
the other foam. The bamboo fiber reinforced increased the viscosity, which caused a minor effect
on the polymer expansion [11]. Thus, the smaller RPU foam diameter pore size distribution is 0.0617
to 0.0351 mm because of the effect of the increased bamboo fiber filler [12]. Besides, from the
standard deviation RPU pure foam to RPU 30 slightly increase 20.82 to 32.20, then decrease between
RPU 35 and RPU 40 from 27.03 to 22.61. Other than that, the physical characteristics of RPU foams
foam composite are closely related to the development of cellular structures during the foaming
processes of RPU composite foams. For instance, the distribution size and numbers of cells and pores
influence how sound waves travel via cellular pathways, and the proportion of partially open porosity
is essentially important in determining the ability of materials to absorb sound [10]. Hence, adding
bamboo fiber to RPU foam composite has a great impact on sound absorption than RPU pure.
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Fig. 2. The morphology of RPU composite foam (a) RPU pure, (b) RPU 25, (c) RPU 30, (d) RPU 35, and
(e) RPU 40 reinforced bamboo fiber

Length (mm)

The average diameter pore size of RPU foam composite reinforced

bamboo fiber

Bamboo Fiber Filler (wt %)

Average diameter

pore size (mm)

Average Standard Deviation

RPU Pure
RPU 25
RPU 30
RPU 35
RPU 40

0.0703
0.0617
0.0460
0.0364
0.0351

20.82
10.89
32.20
27.03
22.61
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4.2 Thermo-Gravimetric Analysis of the Bamboo Fiber

The thermal degradation of bamboo fiber as a filler was investigated by TGA thermal analysis.
The weight loss and derivative weight temperature curves are depicted in Figure 3. As shown in Figure
3, the thermal profiles of bamboo fiber are characterized by three stages. Thermal degradation of
bamboo fiber shown in the first stage up 100 °C to 250 °C weight loss is 11 % at temperature 214 °C.
This might be due to the corresponding evaporation of water [13] and the dissolved of moisture of
small molecules in the bamboo fiber [14].
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Fig. 3. Thermo-gravimetric curve a) Weight loss b) derivative of bamboo fiber

The summary of the thermal degradation of bamboo fiber is shown in Table 2. In the second
stage, the weight loss occurred at a temperature of range 250 °C to 400 °C at 341 °Cis 56 % indicating
the thermal degradation of cellulose of bamboo fiber [14]. The thermal degradation shows an effect
on the bamboo fiber which in increasing temperature from 214 °C to 341 °C and weight loss about
45 % different. This promotes increasing temperature due to the removal of some hydroxyl
substances [9]. At the third stage, from 400 °C to 500 °C the weight loss increased by 76 % at a
temperature of 429 °C attributed to the degradation of the presence of lignin in the bamboo fiber
[15]. Bamboo fiber shows good thermal stability, such developed materials may be can successfully
use in polymer composite as insulation in building and construction materials such as for roof
applications.

Table 2

TGA results curve of bamboo fiber

Sample Transition Temperature Temperature of Maximum  Weight loss (%)
Range (°C) rate of weight loss (°C)

Bamboo Fiber 100 -250 214.03 11.83
250-400 341.08 56.48
400 - 500 429.85 76.48
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4.3 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectrum for the bamboo fiber in the spectra from 4000 to 400 cm™ is shown in Figure
4. Table 3 summarises the main peaks of bamboo fiber. The spectrum of the bamboo fiber —OH
stretching vibration 3100 — 3500 cm™ may be due to intermolecular hydrogen bonding with absorbed
such as alcohols found in cellulose, hemicellulose, lignin, and carboxylic acids [16,17]. The peaks at
2890 to 2935 cm™ are indicated —CH stretching vibrations and characteristics as natural fibers. The
presence of peaks at 1640 to 1735 cm™ may be related to the C=0 stretching as shown in Table 3.
However, the deformation 1025 to 1035 cm™ C-O and 810 to 833 cm™ C-H possible stretching of ester
groups in grass lignin. According to Guan et al., [18], the stretching in spectra is because the bond
from hemicellulose was completely cleaved. On the other, the C-O and C-H deformation present the
bamboo fibers.

Bamboo Fiber

Transmittance (%)

- ] - ] - ] - ] - ] - ]
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Fig. 4. Fourier transform infrared spectroscopy of bamboo fiber

Table 3

FTIR infrared spectrum of bamboo fiber [19,20,17]

Wavenumbers (cm™)  Functional group Vibration Type Cause

3100 - 3500 -OH Stretching vibration Cellulose, hemicellulose

2890 - 2935 -CH Stretching vibration -

1640 - 1735 C=0 Stretching vibration Lignin, hemicellulose
1221-1230 C-0C-O Stretching vibration lignin

1025 - 1035 c-0 Stretching vibration Cellulose, lignin, hemicellulose
810- 833 C-H - Out of hydroxyl
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4.4 Impedance Tube Test
4.4.1 Sound absorption coefficient

The sound absorption coefficient bar graph of the rigid polyurethane foam composites reinforced
various weight bamboo fiber of 25%, 30%, 35%, and 40% was determined as a function of the sound
frequency depicts in Figure 5. The bar graph measured data in the low frequency range of 200 — 1600
Hz where human sensitivity to noise is high [21]. Figure 5 shows the sound absorption coefficient of
the five different RPU foam composites and it is obvious that the sound absorption coefficient is
impacted by the contents of bamboo fiber filler. Also, it might be because the morphology of the
diameter pore with added different filler can change the sound absorption. It can be found that the
frequency range of 200 — 1600 Hz, the bar graph of the sound absorption coefficient of the RPU pure
foam was low than the other RPU foam. But, at a frequency of 200 Hz, the lowest sound absorption
is RPU 35, 0.01 absorbance.
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Fig. 5. Sound Absorption Coefficient of RPU composite reinforced bamboo
fiber at low frequency

Meanwhile, the sound absorption coefficient of the RPU foam that was filled with bamboo fiber
increased at a frequency of 1250 Hz with 0.74 absorbances. It means that better sound absorption
properties are acquired at low frequency by adding the content of bamboo fiber filler. Contrarily,
Figure 5 found that the RPU foam composites are different from RPU pure, and the values of
absorption are better at 800 — 1600 Hz. Also, it may be due to as discussed in 4.1, the size and number
of pores influencing open porosity diameter pore which leads to the sound propagating more easily
absorbing and dissipating more energy [5].
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4.4.2 Transmission loss (TL)

The sound transmission loss (TL) of RPU foam composite reinforced bamboo fiber is shown in
Figure 6. The results indicate all the RPU foam samples with 20 mm thickness. In the frequency of
200 Hz, the RPU pure and RPU 35 is the greatest of TL which is 26 and 17 dB. From the range 200 —
1600 Hz, the TL of RPU 25 is steadily increasing from 5 to 12 dB. The RPU 30 decreased by 3 dB at a
frequency of 500 Hz and steadily increased from a frequency range of 800 — 1600 Hz 9 dB to 13 dB
and the difference in the value is 4 dB. From the observation, RPU foam that had bamboo fiber filler
has the highest TL is RPU 35 21 dB at a frequency range of 1600 Hz. It shows that RPU foam with
bamboo fiber filler could deliver much more improvement for a frequency below 1600 Hz and a
thickness of 20 mm.
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Fig. 6. Transmission Loss of RPU composite reinforced bamboo fiber at low
frequency

4.4.2 Noise reduction coefficient (NRC)

The Noise Reduction Coefficient (NRC) is represented by the amount of sound energy absorbed
by a particular surface. The sound absorption coefficient is used to calculate NRC commonly to
determine sound rooms of qualified acoustical tests. The NRC is replaced by sound absorption
average at low four specific frequency usually 200 Hz, 500 Hz, 800 Hz, and 1600 Hz. The sound
absorption average is a single number rating of sound absorption of material identical to NRC.
Therefore, NRC can calculate using the formula in Eq. (1). Figure 7 shows the average noise reduction
coefficient of RPU foam composite bamboo fiber for RPU-Pure, 25, 30, 35, and 40.

%200+ 0500 +Ag00+X1600
NRC =

4 (1)
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Figure 7 displays the average NRC of RPU foam composite with different ratios of bamboo fiber.
The noise reduction coefficient of RPU foam composite considerably increases from RPU-Pure until
RPU 40 is 0.15 to 0.24. The highest value of NRC of RPU foam composite was RPU 25 and 35 at 0.37
and the lowest value at 0.15 for RPU pure. As a result, the most suitable testing for noise reduction
coefficient is RPU 25 and 35 bamboo fiber as filler at 0.37 as compared to the other RPU foam
composite. Eventually, the results from RPU foam composites confirm (Olcay & Kocak) that adding
the bamboo fiber influences sound absorption and has a higher noise reduction coefficient than RPU
pure.
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Fig. 7. Noise reduction coefficient of RPU foam composite with bamboo fiber

5. Conclusions

In this study, the rigid polyurethane composite reinforced bamboo fiber was successfully
measured by physical characterization and sound absorption. The results morphology of RPU foam
composite show that different ratio of bamboo fiber gives different size of open diameter pore and
exhibited influenced the sound absorption ability of RPU foam. Thermal analysis of weight loss
increases 76 % within the temperature range from 400 — 500 °C, at temperature 429 °C presence of
lignin of the bamboo fiber degradation. The sound absorption of RPU 25 foam composite filled with
bamboo fiber gives 0.74 absorbances at a frequency of 1250 Hz. RPU foam exhibited the highest
transmission loss of RPU 35 is 21 dB at a frequency range of 1600 Hz. The requirement for better
sound absorption of the bamboo fiber can be achieved at low frequency. In conclusion, by increasing
the ratio of the bamboo fiber as a filler at 25% and 35%, the open diameter pore of RPU 25 and RPU
35 foam composite shows a better potential for sound absorption to absorb for use in roof
applications.
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