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Introduction
Parylene C (PC), a polymer material with molecu-

lar form -(C8H7Cl)n-, was first developed in 1947 [1]. 
It has been in use as protective insulation-coatings 
in medical devices and electronic appliances as well 
as substrates for the growth and proliferation of bi-
ological cells [2-4]. Moreover, PC is widely used as 
a moisture-barrier coating on implantable devices 
such as stents, defibrillators, and pacemakers [5-8]. 
PC films are also used as gas-sensing membranes in 
microelectromechanical systems [9].

Polyurethane (PU) is another polymer, which 
finds a number of uses in everyday life and appli-
cations. It is composed of organic units joined by 
urethane [-NH-(C=O)-O] links [10]. PU foams have 
cellular structure, which improves sound absorbing 

Abstract
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nanosilica or/and CNTs to PU increases its rigidity and, hence, its sound transmission. On the 
other hand, engineering the PC in the µFTF form enhances acoustic absorption in the film, 
especially at the resonant frequencies associated with oscillations of the microfibers making 
up the PC µFTF.

and insulating properties [11]. A number of stud-
ies have been undertaken to examine the use of 
nanoclay [12], titania nanoparticles [13,14] carbon 
nanotubes (CNTs) reinforced PU to modulate its 
sound absorption properties.

Microfibrous thin films (µFTFs) are important 
materials in optical, chemical and biochemical ap-
plications [4,15,16]. µFTFs are fabricated by either 
physical or chemical vapor deposition methods 
with oblique-angle deposition techniques [17]. Dif-
ferent material types, including metals, ceramics 
and polymers have been successfully sculptured 
using these techniques. Also, nanoengineering 
polymers during synthesis are found to give them 
numerous properties that are attractive for appli-
cations in many areas ranging from electronics to 
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optoelectronics, microelectromechanical systems, 
and biomedical devices. Common methods of na-
noengineering polymers involve the incorporation 
of nanoparticles and CNTs into the polymer mate-
rial matrices.

In this work we examine PC and PU acoustic ab-
sorption and sound transmission as functions of 
film morphology and composition in the audible 
low frequency range. We find out that the porosity 
and structural periodicity increases absorption in 
the µFTFs in comparison with the dense PC films. 
The increase in absorption is observed to be about 
an order of magnitude at resonant frequencies. 
We also find that adding silicon oxide nanopowder 
(nanosilica) or/and CNTs to PU significantly chang-
es its sound transmission characteristics.

Experimental Procedure
The columnar µFTFs of PC were grown on p-type 

Si substrates using oblique angle physicochemical 
vapor deposition in the same PDS2010 Labcoat-
er described above. Four grams of commercial PC 
dimer was first vaporized at 175 °C and then py-
rolyzed into reactive monomers at 690 °C. The va-
por of reactive monomers was collimated using a 
nozzle and directed onto 20 mm (length) × 20 mm 
(breadth) substrate, where room-temperature po-
lymerization of the reactive monomers took place. 
The low-pressure chamber was maintained at 175 
°C and 28 mTorr. The incidence angle of the col-
limated flux with respect to the substrate plane 
was set equal to 45°. The columnar µFTF thickness 
was controlled by adjusting the amount of PC di-
mer evaporated, and was found to be ~100 µm, 
as measured by P-16+ a KLA-Tencor profilometer. 
The deposition of the bulk PC films was done at set 
pressure of 28 mTorr, furnace at temperature 690 
°C, and vaporizer at 175 °C. Unlike the µFTF deposi-
tion the bulk PC deposition was done using vertical 
vapor incidence on the p-type Si substrate. By ad-
justing the evaporated dimer mass, bulk PC films 
of thicknesses of ~10 microns were grown on the 
Si substrate. Each microfibrous or bulk PC thin film 
was removed from the silicon substrate using a ra-
zor.

In addition to examining bulk and fibrous poly-
mer acoustic absorption, the effects on sound 
transmission of incorporating CNTs and nanoparti-
cles into polymers was one other main objective of 
this work. Hence, CNTs and nanosilica were added 
to the polyol and isocyanate composition to control 

sound transmission and absorption in PU. PU foam 
mixtures were prepared at different weight ratios 
(0.2%, 0.5%, 1%) of silica nano-powder, different 
weight ratios (0.35%, 0.7%, 2%) of CNTs, or silica 
nano-powder (0.5% weight ratio) plus (1% weight 
ratio) CNTs.

After removal, each PC µFTF sample was held 
between the two grips (10.85 mm apart for one 
sample, 7.8 mm for the other) of a tension clamp 
and subjected to cyclic loading in a Model Q800 
Dynamic Mechanical Analyzer (DMA) using the 
‘Multi-Frequency Strain module. The DMA was 
manufactured by TA Instruments, Newcastle, DE, 
U.S.A. The tension-clamp was calibrated with a thin 
steel sheet of known compliance and dimensions. 
A cyclic strain of amplitude 0.046% (elastic regime) 
was set for frequencies between 5 and 200 Hz with 
an increment of 5 Hz.

The bulk PC and the PU films’ transmission loss 
data were generated in a Bruel & Kjaer imped-
ance tube. The films were inserted into the tube. A 
loudspeaker in the tube emits precisely quantified 
sound, and the microphones measure the sound 
pressure level at specific locations along the length 
of the tube. Commercial software was then used 
to extract normal incidence acoustic properties as 
functions of frequency.

The morphologies of the films were examined 
using a field-emission scanning electron microcopy 
(FESEM) utilizing Model LEO 1530, Carl Zeiss, mi-
croscope.

Results and Discussion
Effects of polymer nano-composition

Figure 1 contrasts transmission loss (TL) results 
for pure PU and PU treated with nanosilica at a 0.2% 
weight ratio, or CNTs at a weight ratio of 035%. TL 
is defined as

 = 10 10
IiTL Log
It

           (1)

Where Ii and It are the incident and transmitted 
sound intensities, respectively. TL is measured in 
decibels (db) as given in Figure 1 and the following 
figures.

Lower TL, which decreases with frequency in 
this range, was observed in PU containing the sil-
ica nanoparticles. It was observed that changing 
the silica nanoparticle weight ratio in PU did not 
significantly change TL. Figure 1 also shows the ef-
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Figure 2 presents TL in films that incorporated 
both silica nano-powder and CNTs at weight ratios 
of 0.5% and 1%, respectively. It is seen from the re-
sults in Figure 2 that more change in TL of pure PU 
is caused by the addition of both CNTs and silica na-
no-powder. This conclusion is more evident in the 
results included in Figure 3, where the percentage 
change in TL is plotted for PU incorporating silica 
nano-powder, CNTs, or silica nano-powder plus 
CNTs. The percentage change in the latter films is 
observed to be more pronounced in most of the 
audible low-frequency range investigated.

fects on TL of adding CNTs to the composition of 
PU. Addition of CNTs at a weight ratio of 0.35% to 
PU decreased TL in the film, and TL decreased with 
frequency. The change produced by the CNT ad-
dition to PU was observed to be higher than that 
produced by the addition of the silica nano-pow-
der and this change in TL was not much affected 
by varying the content of CNTs or nano-powder in 
the weight ratio up to 2%. The decrease of TL with 
frequency is also observed in pure TU films howev-
er to a lesser degree than that in films containing 
nanosilica and CNTs.

Figure 1: TL results a) In pure PU; b) In PU including 0.2% weight ratio of silica nano-powder; c) In PU including 
0.35% weight ratio of CNTs.

Figure 2: TL measured in a) Pure PU; b) In PU incorporating silica nano-powder at a 0.5% weight ratio and 1% 
weight ratio of CNTs.
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It has been previously reported that incorporat-
ing CNTs and nanoparticles in material composition 
increases its Young’s modulus, E, and, hence, its ri-
gidity [18-20]. Assuming that the material density, 

ρ, is not significantly affected by the incorporation 
of CNTs and nanoparticles, the increase in rigidity 
increases the speed of sound, c, in the material ac-

cording to the relation   
E

c α
ρ

. The higher sound 

speed enhances sound propagation in the poly-
mer and, hence, gives rise to a reduced transmis-
sion loss. This explains our observation that sound 
transmission increased in our PU films containing 
nanosilica and CNTs.

Effects of polymer morphology: Bulk versus 
microfibrous PC

Typical cross-sectional FESEM images in the xz 
plane of the PC films are shown in Figure 4. Figure 
4a shows the dense bulk film whereas Figure 4b 
shows an image for the µFTF film. The columnar 
microfibers of cross-sectional diameter ~5 µm are 
tilted at ~78° in the xz plane, which is the morpho-
logically significant plane of the columnar µFTF.

Figure 4 shows the significantly high porosity 
in the µFTF when contrasted with the bulk (dense 
form) PC, which is effectively free from pores. Giv-
en this high porosity in the µFTFs one expects the 
acoustic properties of Parylene C to be impacted as 
its growth method is varied. Therefore, in the re-
sults presented and discussed below the acoustic 
absorption coefficient in Parylene C is compared 
in dense and µFTF forms. The objective is to deter-
mine the range of the absorption coefficient, α, of 
PC, depending on its growth method, in order to 
explore its acoustic applications.

Figure 3: Percentage change in TL measured in a) In PU including 0.2% weight ratio of silica nano-powder; b) In 
PU including 0.35% weight ration of CNTs; and c) In PU incorporating silica nano-powder at a 0.5% weight ratio 
and 1% weight ratio of CNTs.

Figure 4: FESEM images taken in a) The bulk (dense) 
PC film [21]; b) In the PC µFTF film.
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plitudes of stress and strain, ω = 2πf is the angular 
frequency, and δ is a phase shift. The two elasto-
dynamic moduli are the storage (elastic) modulus 

1 = cosoE
o

σ
δ

ε
 and the loss modulus 11 = sinoE

o

σ
δ

ε
 

[23]. The absorption coefficient, α, is obtained from 
the phase shift δ using the relation.

 = 
2

tan
c

ω
α δ  where 

1
 = 

E
c

ρ
         (3)

Where ρ is the film density.

Figure 5 also presents α in the PC µFTF and com-
pares it to the acoustic absorption data in the bulk 
film. In the acoustic frequency range 50 to 200 Hz, 
one observes that α values are comparable except 
for three remarkably distinct peaks in α observed 
in the PC µFTFs. The peak values of α at ~90 Hz and 
~125 Hz, 0.8 and 1.7, respectively, are significantly 
higher than α in bulk PC by almost an order of mag-
nitude. The third peak at ~170 Hz comes with a α 
value of ~0.3. It is also observed that these three 
peaks are very narrow in frequency with peak 
widths at half-α values of ~5 Hz. It is important to 

The acoustic absorption coefficient, α, deter-
mines the acoustic signal intensity, It (x), as a func-
tion of the penetrated depth x into the film accord-
ing to

( )  = xI x I et i
α            (1)

Where Ii is the incident intensity.

Figure 5 shows the absorption coefficient in bulk 
PC films in the audible low-frequency range. These 
absorption coefficients were found to be strongly 
dependent on frequency and may attain values in 
the range 0.05 to 0.4 cm-1. These values are within 
the ranges reported for polymers used in different 
acoustic applications [22]. α is observed to slightly 
vary with f and attains its highest values at ~130 Hz.

α for the PC μFTFs were determined from the 
dynamic loading measurements. For a linear ma-
terial subjected to cyclic loading at frequency f a 
phase shift δ exists between stress σ and strain, 
which are given by

( ) =  sin toσ σ ω  and ( ) = sin to ω δ∈ ∈ +          (2)

Where t is time, σo and εo are the respective am-

Figure 5: The acoustic absorption coefficient in a PC bulk and microfibrous films.
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is significantly increased at the resonant frequen-
cies of oscillations of the film microfibers.
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