2 7 Egypt. J. Chem. Vol. 62, No. 2 pp. 333 - 341 (2019)

Processing of Polyurethane Nanocomposite Reinforced with
Nanosized Zinc Oxide: Effect on Mechanical and Acoustic
Properties
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ANOSTRUCTURED materials are an important subject in different applications. Zinc

oxide (ZnO) nanoparticles have much attention because of their unique properties. The
objective of this work is to synthesise zinc oxide nanoparticles by simplest chemical method
(direct aqueous precipitation). Also, the effect of zinc oxide addition to polyurethane foam
(PUF) on the mechanical and sound properties has been evaluated. Different concentrations
of ZnO (0.25, 0.5, 1, 2 and 3 wt.%) were used. ZnO nanoparticles were characterized by some
techniques such as X-Ray diffraction, Energy dispersive X-ray spectrometry and Transmission
electron microscopy analysis. Scanning electron microscope was used to describe the
dispersion state of the nanoparticles in the polyurethane foam. Density of PUF increased while
the particle size decreased. Finally, it was confirmed that the mechanical and acoustic properties
of polyurethane nanocomposites were improved and depend on the amount of nanozinc oxide.
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Introduction

Nano reinforcing particles have high aspect ratio
(surface/area ratio) and low density. So, they
were used as substitutes for traditional fillers in
polymer composites. ZnO nanoparticles attracted
much attention from polymer scientists. ZnO
nanoparticles are the most one studied among the
nanoparticles because of their fundamental study
and applications in gas sensors, solar energy,
luminescence, transparent UV protection films,
photocatalytic, and chemical sensors [1,2]. Several
methods have been developed for synthesis of
nanomaterial such as thermal decomposition, sol-
gel, chemical vapor deposition, spray-pyrolysis,
and precipitation method [3,4]. The precipitation
technique compared with other methods is the best
method, which does not need expensive materials
and complicated equipment.

Polyurethane foams (PUF) are widely used in
transportation, building and structural applications.
Besides their versatility, polyurethanes have
moderate price. The specific properties of PUF
can be varied according to the type of preparation
technique, raw materials, density, and method of

applications. Polyurethanes are a class of polymers
that contains a urethane linkage (-NH-CO-0O-)
that created by the reaction between diisocyanates
and polyhydroxy (polyol) compound that contains
active hydrogen. When water is used as blowing
agent, carbon dioxide is the by-product.

Nowadays, noise pollution has become one of
the most important serious issues in our society.
There are a lot of studies which clarify the effect
of noise on human health and wellbeing. The
exposure to high noise can lead to a range of
physical problems such as high blood pressure,
heart beats and less concentration. So, we are in
a need for a noise control and there are different
ways to reduce noise pollution, one of these ways
is using sound damping material. Polymeric
materials are usually used, which dissipate the
sound or the vibrational mechanical energy into
heat energy [6,7]. Polymeric foams are important
and versatile materials due to their outstanding
strength to weight ratio, their resilience and
their electrical, thermal and acoustic insulating
properties amongst other characteristics [8].
Polyurethane is one of the largest and most
versatile families of polymers.
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The physical properties of PU are derived from
their molecular structure caused by interactions
between the polymer chains. The segmental
flexibility, the chain entanglement, and the cross-
linkage influence the properties and determine the
use of the end products. The modification of PU
using different nanofillers improves its properties.
Several studies were introduced to improve the
properties of polyurethane foam. One was used
calcite and dolomite to influence the mechanical
properties of polyurethane foam [9]. Nanolayered
silicate has been used as a filler in poly(urethane-
urea) composite resulting in significant increase
of mechanical properties [10]. Some researchers
illustrated that the addition of small amount
of organoclay was enough to improve thermal
and mechanical properties of PU [11]. Liliane
et al found that addition of small amounts
of montmorillonite carbon nanotube hybrids
enhanced the properties of PUF nanocomposites
[12]. Cigdem studied PUF reinforced by carbon
nanotube and nanosilica to enhance flexural
strength of foam cored sandwich composites
[13]. On the other hand, Benni et al studied
the fabrication of rigid PU/ nanoclay/carbon
nanotube without modification and concluded that
nanofillers especially nanoclay act as nucleating
agent for PU matrix [14].

Few reports are available on the influence of
ZnO nanofiller on the PUF, but there is no data to
define the ideal quantity of nano zinc oxide that
should be added without causing damage to the
mechanical and acoustic properties of the final
product. Thus, the proposal of the present work
was to analyze the morphological, mechanical
and sound behaviors when various concentrations
of ZnO nanoparticles were introduced into the
PU matrix. The uncertainty of all properties was
evaluated.

Material and Methods

Experimental

Zinc nitrate was purchased from Alfa
chemical, India. It has molecular formula
Zn(NO,), 6H,0. Its molecular weight is 297.48.
Urea was purchased from Ardwick (El-Nasr
Pharmaceutical Chemicals Company, Egypt).
To produce polyurethane and polyurethane
nanocomposite  foams, diisocyanate and
polyol were provided from local company,
Egypt. Distilled water was generated from our
laboratory and was used as a blowing agent. All
materials were used without further purification.
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Nano zinc oxide preparation

Zinc oxide nanoparticles were prepared from
aqueous solutions of zinc nitrate-6-hydrate, and
urea [15]. Urea solution was acted as precipitating
agent and added drop wise into zinc nitrate
solution under vigorous stirring. Finally, after
collecting, the resulting white precipitates (ZnO)
were centrifuged for 10 min. Then, nanoparticles
washed with distilled water several times to
remove any impurities or possible ionized ions.
The obtained precipitate was calcinated at 500°C
for 3 hr in muffle furnace. The chemical reaction
between zinc nitrate and urea to precipitate the
ZnO nanoparticles is as in the following equations:

CO(NH 5 Jq + HyO —>COq +2NH 5 49]
2NH 4 + HO —>2NH | + 20H ™ &)
Zn(NO), Zn** +2NO,” 3)

PR 0H = nOH)y 2 2m0+ 0 (4)

Chemical reaction of zinc oxide crystals formed
by direct precipitation

Characterization of the ZnO nanoparticles

After preparation of nanoparticles, structure
of samples was analyzed by certain techniques.
To estimate the crystallite size, powder X-ray
diffraction (XRD) was used (model: Bruker D8
advance X-ray powder diffractometer). Energy
Dispersive X-ray Analysis (EDX) (FEI Company,
Netherland) was performed to determine the
zinc to oxygen ratio indicating purity of ZnO.
Transmission Electron Microscopy (TEM) (H-
800, Hitachi, Japan) also was used to measure
particle size and morphology of the nanoparticles.

Preparation of polyurethane nanocomposites
PUF was prepared from 100% polyol and
100% isocyanate. Nanocomposites samples were
prepared containing different concentrations of the
nanofiller (g of nano ZnO/100 ml of PU matrix).
Table 1 shows the formulations employed in this
work. All the raw materials, except diisocyanate,
were placed in a plastic beaker and the mixture
was well stirred until complete homogenization.
Then diisocyanate was added into the beaker
with continuously stirring for about 12 s before
foaming. The resulting mixture was immediately
poured into an open mold to produce free-sized
foam. After the preparation, the foams were put in
an oven at 70°C for two hours and then left in air
at room temperature and atmospheric pressure
for three days to complete curing. Samples were
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cut after curing into specific shapes by certain
cutter and then the different properties of the
foams were characterized.

Characterization of PU nanocomposites

The morphology of the composites was
studied under scanning electron microscope
(SEM, Philips XL 30 microscope, U.S.A). Prior
to the measurement, the specimens were coated
with gold to provide an electrically conductive
surface. It is used to observe the size of the foam
cells for each sample. The mechanical properties
of the PUF samples were performed at ambient
condition with tensile testing machine (Model Z
010, Zwick, Germany). The tensile strength of
three specimens per each sample was measured
and the average of these values was reported. The
density was calculated directly from the mass
and geometric volume of the acoustic samples
used. The absorption coefficient is a measure
of the ability of a material to absorb sound. A
material with an absorption coefficient of 1.0

indicates a purely absorbing material whereas
a material with an absorption coefficient of 0
indicates that the material is purely reflective
[16]. A two-microphone impedance tube
was employed to obtain the noise reduction
coefficient. The sample was placed inside a thin
cylindrical Teflon sleeve and positioned against
arigid backing at one end of the impedance tube,
while the other end of the tube was equipped
with a sound source. A plane acoustic wave is
generated by the sound source that propagates
along the axis of the tube. Microphones placed
along the length of the tube are used to detect the
sound wave pressure transmitted to the sample
and the portion of the wave that is reflected [17].

Results and Discussion

Characterization of the synthesized ZnO

Powder X-Ray diffraction (XRD) study

The XRD pattern of the synthesized ZnO
powder is illustrated in Fig. 1. The peaks appeared

TABLE 1. Chemical compositions of polyurethane foam (PUF) blown by water.

Materials Composition
Polyol 50
Diisocyanate 50
Distilled water 3

Nano Zinc oxide

(0,0.25, 0.5, 1,2,3)

at 20 range are of 31.67°, 34.34°, 36.19°, 47.53°,
56.57°,62.66°,66.37°,67.9°, and 69.5°. The sharp
diffraction peaks appeared in the figure indicates
the good crystallinity of the nano ZnO prepared.
The broading of the recorded peaks indicates the
small crystalline size of the synthesized ZnO. The
average size of the particles was estimated by the
X-ray line-broading method using the scherrer

equation:
s RA
PCost ©)

where, 7 is the mean size of the crystalline, R is a
dimensionless shape factor, with a value close to
unity. The shape factor has value of about 0.9, but
varies with the actual shape of the crystallite. A
is the X-ray wavelength. B is the line broadening
at half the maximum intensity, and 0 is the
diffraction angle.

From the XRD data, the average crystallite
size of ZnO was found to be 21 nm. No peaks of
impurities are observed, indicating the formation

of high purity of nano ZnO, which was further
confirmed by EDX.

Energy dispersive X-ray spectrometry (EDX)

The chemical stoichiometry of ZnO
nanoparticle was investigated with EDX. This
analysis was performed on three different areas
randomly across the investigated sample to
determine the zinc and oxygen ratio. From Fig. 2,
only zinc and oxygen are detected indicating the
high purity of the synthesized ZnO. Quantitively
the oxygen to zinc weight ratio was found 1 to
4, respectively, indicating the stoichiometric
formation of ZnO. The sharp diffraction peaks
apparent in the figure indicate good crystallinity
of the prepared nanoparticles.

Transmission electron microscopy analysis (TEM)

Figure 3 reveals the TEM image of ZnO
nanoparticles obtained from aqueous precipitation.
After calcination of the precipitate at 500°C for
3 hr, the ZnO nanoparticles were found in the
average range of 27 nm. It was observed that
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Fig. 1. X-ray diffraction patterns for the ZnO powder.
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Fig. 2. EDX patterns of ZnO nanoparticles.

TABLE 2. Density of the PUF/ZnO with different concentrations.

Nano ZnO content (wt.%) Density
(Kg/m?)

0 37.0+£0.5

0.25 58.8+0.3

0.5 62.0+0.7

: 66.6+0.6

2 45.7+0.4

3 46.6+£0.6

zinc oxide is in spherical shape and aggregated
into clusters. These aggregates occurred probably
during the calcinations process. This may be due
to the large specific surface area and high surface
energy of the nanoparticles [18].

Morphology of the nanocomposites

The SEM images of the pure PU and the PU/
ZnO nanocomposite with 0.25 and 0.5 wt.% of
ZnO contents is shown in Fig. 4. The foams have a

Egypt. J. Chem. 62, No. 2 (2019)

cellular structure and consist of partially open cells
with circular holes. From the micrograph analysis,
a good dispersion of ZnO though the sample was
achieved. The mean cell size of pure PU foam is
decreased with addition of nanoparticles. The cell
sizes were 430 and 330, 305 pum for 0, 0.25 and
0.5 wt.% of ZnO, respectively. Figure 4c shows
that some of cells overlap with each other and
the particle size decrease further. This behavior
is considered to be due to the opposing effect
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M:Fig. 3. TEM micrograph of nanosized ZnO at 500°C.

of nanoparticle addition on nucleation and cell
growth. The nanoparticles act as nucleation sites
for cell formation and since a higher number of
cells start to nucleate, but at the same time, the
addition of ZnO seems to hinder the cell growth
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and results in smaller cell size compared with the
pure PUF [19].

Density
The densities of the nanocomposite foam
samples are shown in Table 2. The density of
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Fig. 4. Representative SEM of the ZnO/PU foam perpendicular to the foaming direction (a) zero, (b) 0.25, (c) 0.5

wt.%.
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TABLE 3. Noise reduction coefficient for polyurethane with different additives.

Noise reduction coefficient Content of ZnO
(Hz) (wt.%)
F 0 0.25 0.5 1 2 3
250 0.37 0.26 0.18 0.20 0.42 0.42
500 0.48 0.32 0.25 0.26 0.51 0.51
1000 0.51 0.37 0.30 0.34 0.62 0.63
2000 0.57 0.41 0.35 0.46 0.71 0.63

the pure PU foam was 39.96 Kg/m?. The density
increases to 58.8, 62.02 and 62.7 with the addition
0f'0.25, 0.5 and 1 wt.% of nanoparticles additions,
respectively, then decreases again with further
additions. This behavior is due to the opposing
effect of nanoparticle addition on nucleation and
cell growth. The nanoparticles act as nucleation
sites promoting the formation of a higher quantity
of bubbles. This tends to increase with the
increasing nanoparticles content, up to 1 wt.%.
But at the same time, growth of the resulted cells
seems to be hindered by the farther increase in
nanoparticles content, 2 and 3 wt.%. The increase
in density with decrease in the cell size when
nanoparticles are added to the PU foam has been
reported by several authors [20].

Mechanical properties

Figure 5 shows the mechanical properties of
polyurethane with different contents of ZnO. The
tensile strength of polyurethane foam is 4.2 N/
cm?, the elongation is 20.63%. Introduction of the
ZnO up to 1 wt.% to polyurethane results in the
increase of tensile and decrease the elongation.

Addition of larger amounts of the filler causes
decrease of these parameters. The increase of
tensile strength is associated to the decreased
elongation of the polymer. This is corresponding
to the strong adhesion between the filler particles
and the matrix, as proved by SEM. When the
content is over 1 wt.%, the agglomeration of ZnO
particles decreases the values of the mechanical
parameters.

Sound properties

To determine the effect of addition nanozinc
oxide of polyurethane foam on the sound
transmission loss, TL, we should measure the
density for each sample where the mass of the
wall is a main parameter affecting TL of the wall.
This mass law predicts that doubling the mass per
unit area or the frequency increases TL. Hence,
TL can be calculated by the following equation
[21]:

77. — 20log (m)-201og [&] s)
7T

where m, Py and c are the mass per unit area, air
density and sound velocity in air, respectively.
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Fig. 5. Mechanical parameters of polyurethane filled with nanozinc oxide.
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Figure 6 shows the relation between the
calculated sound transmission loss (TL) and the
frequency for the polyurethane foam at different
contents of nanozinc oxide from 0 wt.% to 3 wt.%.
The figure illustrates that the sound transmission
loss, TL was increased with an increase in the
percentage amount of nanozinc oxide from 0 wt.%
to 1 wt.%, then tends to decrease by adding 2 wt.%
of nanozinc oxide and finally started to increase
a little bit for the amount 3 wt.% of nanozinc
oxide. The maximum sound transmission loss,
TL is obtained with 1 wt.% for all frequencies.
This means that an amount of nanozinc oxide
within a certain range has a significant effect
on controlling the pore size and density of the

=
V)]

polyurethane foam. The general behavior showed
an increase of sound transmission loss, TL values
in all frequency range.

In addition to the sound transmission loss,
the performance of sound absorber materials is
evaluated by the sound absorption coefficient and
is usually expressed as a decimal varying between
0 and 1.0. In other words, the absorber material is
characterized by its value of the sound absorption
coefficient (o) as a function of frequency.
The noise reduction coefficient (NRC) which
represents a single number, defined as the average
value of the absorption coefficient of a material at
frequencies 250, 500, 1000 and 2000 Hz.

Loss (dB)
=
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Fig. 6. Sound transmission loss of polyurethane filled with nanozinc oxide

Noise reduction coefficient of polyurethane
foam with different concentrations of nanozinc
oxide is shown in Table 3. From this table, one
notices that the NRC at each frequency decreases
as the amount of nanozinc oxide increases to
0.5wt% and started to increase for other amounts
(1 wt.%, 2 wt.% and 3 wt.%) under investigation.
These results agree somehow with the results
obtained by sound transmission loss. The standard
uncertainty of dispersion of sound reduction index
and sound transmission loss versus frequency
were calculated during measurements according
to the international standard [17]. The influence
of specimen size, number of source positions,
and microphone positions have included in the

calculations of standard uncertainty of sound
absorption coefficient in the measurement tube.
The standard uncertainty of dispersion of each
sample ranged from 0.003 to 0.010 in frequency
range from 125 to 5S000Hz.

Conclusion

Polyurethane nanocomposite foam samples
with zinc oxide in different concentrations were
prepared and their properties were evaluated.
The results were compared with the neat sample
without addition of filler. From XRD and TEM
analyses, the average size of the prepared ZnO
powder was approximately 24 nm. The density
of the foam changed due to the opposing effect

Egypt. J. Chem. 62, No. 2 (2019)
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of nanoparticle addition, which proved by
morphology. The increase density and decrease
the cell size depended on the amount of ZnO
addition to PUF. Addition of zinc oxide nanofiller
up to 1 wt.% to polyurcthane results in the
increase of tensile strength and decrease of the
elongation. Further addition, these parameters
were decreased. In this research, PU foams with
different amounts of nano zinc oxide were used to
enhance the sound absorption properties. To show
the effect of the various additive components on
the sound absorption of the foams, the correlations
between the contents of additive component and
absorption coefficients were held. In general, the
nano Zinc oxide has a clear effect on the sound
damping properties.
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