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ABSTRACT: In this study, the effects of the soundproofing properties of polycarbonate (PC), poly(methyl methacrylate) (PMMA), and
glass were investigated. We fabricated the specimens into 3 mm thick sheets by direct hot compression molding as a monolithic sam-
ple and also by gluing three thin sheets together into a multilayer. Sound transmission loss (STL) was measured by an impedance
tube over the frequency range 63—-1600 Hz. The results indicate that because of the close density, the STLs for PC and PMMA were
almost the same above 1200 Hz. Also, PMMA had a greater STL than PC in the range 63-300 Hz. In a comparison of the monolithic
and multilayered samples, we demonstrated that the epoxy-based adhesive interlayers had more efficient bonding than the silicone-
based ones. The multilayered polymer/silicone specimens showed a sharp drop in the STL values compared to the monolithic sam-
ples. However, the multilayered polymer/epoxy specimens revealed similar behavior to the monolithic polymers. © 2015 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 2016, 133, 42988.
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INTRODUCTION

In the study of sound transmission through structures, the utili-
zation of sound isolation materials is among the most common
technique in the area of passive noise control. Soundproofing
materials cause a large change in the acoustic impedance in the
transmission path to reduce ambient noise. Many studies have
been carried out on the basis of the experimental and theoreti-
cal aspects of sound transmission loss (STL).'® Some of these
studies have focused on the different kinds of multilayered
structures, such as double-leaf systems with an air space or
sandwich panels.”'® On the other hand, many experiments
have been done to investigate the soundproofing properties of
the various kinds of industrial materials. Zhao et al.'' worked
on the sound insulation properties of three composite panels:
wood-waste tire rubber composite panels (WRCPs), commercial
compound wooden floorboards, and wood-based particleboard.
Their analysis showed that the WRCPs had more soundproofing
effects than the others. They also improved STL for the WRCPs
by increasing the rubber crumb content and polymeric methyl-
ene diphenyl diisocyanate adhesive level used in the composite.

In the last 2 decades, scientists have been interested in the
behavior of advanced new materials as sound-isolating substan-
ces. Ng and Hui'? used a new honeycomb core design to
increase the stiffness of a panel and improve the noise transmis-
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sion loss (TL) at low frequencies. They also introduced a model
to predict the STL of honeycomb panels. Mahjoob et al.'> inves-
tigated the effect of a magnetic field on the STL of smart multi-
layered panels and also developed an acoustic model for a
multilayered panel containing magnetorheological fluid. They
found a good correlation between the model and experiments
at low frequency and discussed the discrepancy at higher fre-
quencies. Also, functionally graded material (FGM), introduced
in recent years, is among the newest materials that have drawn
scientists’ attention. Chandra et al'* analytically studied the
vibroacoustics of FGM plates with a simple first-order shear
deformation theory. They compared the soundproofing proper-
ties and radiation efficiency of metal-rich and ceramic-rich
FGM plates at lower (0-500 Hz) and higher frequencies. Huang
and Nutt" studied sound reflection and transmission through
unbounded FGM panels by an analytical approach. In addition
to these new materials, some studies have been carried out to
improve the isolation performance via various absorbing techni-
ques. Mu et al.'® investigated the influence of installing a micro-
perforated panel on single and multilayer windows. They found
that the perforation of a leaf of double- or triple-glass window
improved the STL degradation; this was caused by mass—air—
mass resonance. Bravo et al.'” established a fully coupled modal
approach to determine the absorption and transmission coeffi-
cients of finite-sized microperforated panels backed by an air
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Figure 1. Typical scheme of normal-incidence STL for a single panel.

cavity and a thin plate. They validated the model by measuring
the transmission and absorption properties of a baffled micro-
perforated panel-cavity—panel layout. Also, a comparison was
carried out between the model and the literature’s theoretical
results on infinite partition models. They obtained the same
Helmholtz resonance frequency for both a microperforated
panel—cavity—panel partition and a rigidly backed microperfo-
rated panel absorber.

In the case of transparent materials, many types of glass panels
are available; however, because of the brittle nature of the glass,
transparent polymer materials are the best choice for this pur-
pose. Polycarbonate (PC) and poly(methyl methacrylate)
(PMMA) are the most suitable substitutes for glass as transpar-
ent materials. Considerable research has been reported on the
effects of different kinds of soundproofing glass panels'®2’
also, there have been many works published on various aspects
of PC and PMMA,*' " but to our knowledge, no reports have
focused on PC’s and PMMA’s sound isolation properties. There-
fore, in this article, we present the theoretical and experimental
sound transmitting behavior for these two polymer materials.

In addition, to improve the TL through the addition of extra
layers on a partition and make a solid multilayered structure, it
is important to determine the changes occurring because of the
increasing panel thickness. Therefore; in addition to the aims
pursued previously, the influence of adhesive interlayers was
also investigated through a comparison of monolithic and mul-
tilayered panels both for PC and PMMA.

THEORETICAL FORMULATION

There are many methods for predicting the panel’s STL under
different conditions. In the case of single panels, STL is domi-
nated by some main physical factors, including the surface
mass, bending stiffness, dimensions, loss factor (1), and sound
incident angle.”* Figure 1 represents a typical normal incidence
TL scheme for a single panel, with various characteristic fre-
quency ranges.

To calculate the STL, the first resonance frequency () needs to
be defined. Fahy and Gardonio® introduced the frequency of the
first resonance for a rigid panel with flexible supports as follows:

wo=+/ke/m (1)

where k; is the stiffness per unit area for the panel’s support
and the surface density (m) can be replaced by ph (where p and
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h are the density and thickness of the panel, respectively). The
natural frequencies for a circular flexible plate (w,,,’s) are as

follows:
;N2
AT D
a)mn:( o = m,n=0,1,2,... (2)
' r2 ph

where r is the radius and (4r),,, is obtained from the plate’s
characteristic equation. Also, D is the plate’s bending stiffness
and is given by

En’

EERTIgE=E) 3)

where E is the elastic modulus and v is Poisson’s ratio.

With the first mode of vibration (i.e., m = n=0), the equivalent
ks could be derived through a comparison of eqgs. (1) and (2) as
follows:

D (4)

It is clear that the TL is not only a property of material and
geometrical parameters but is also strongly dependent on the
mounting conditions. In this study, three different cases were
considered to investigate the sample’s mounting conditions in
the impedance tube. For simply supported and fixed boundary
conditions (BCs), equivalent k; values can be derived by the
substitution of values of Ar of 2.108 and 3.196 in eq. (4),
respectively. To seal and hold the samples in position, a rubbery
sealant was used to prevent any sound leakage; under such con-
ditions, specimens showed restrictive movement along the tube;
this caused BC to show a behavior between simply supported
and fixed edge. Through the adjustment of the theoretical and
experimental resonance frequencies, a value of Ar of 2.62 was
obtained to model this elastic BC. This adjustment is discussed
in detail later.

Norton and Karczub®® introduced a general model for STL
through a single panel as follows:

(2,,+2,)cos 0 ,

TL=101 1+ 5
gy | 2poc ‘ (5)

where Z,, and Z/ are the mechanical and radiation impedances
per unit area, respectively; poc is the characteristic impedance of
the medium; and 0 is the sound incident angle. In the imped-
ance tube test method, with the existence of air on both sides
of the specimen as the fluid medium and also because of the
small size of the sample area, acoustic radiation could be
neglected. The mechanical impedance of a bounded panel with
a uniform distribution of mass, stiffness, and damping is given
as follows:

7, =C,+i(mw—ks/w) (6)

where o is the frequency (rad/s) and the viscous damping (C,) can
be replaced by 7wm.*® Thus, through the substitution of eq. (6)
into eq. (5) and with normal incident (i.e., 0 = 0), STL becomes

nom\*  (mo—kjo\’
<1+ ) + < ) (7)
2pgc 2pyc
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Table I. Physical and Mechanical Properties of PC and PMMA

Property PC (C-206) PMMA (CM-205)
Density (g/cm?) 1.23 1.19

Melt flow index (g/10 min) 7.1-10 14.35

Modulus of elasticity (MPa) 2600 3900

Loss factor 0.04 0.086

Poisson'’s ratio 0.37 0.37

To calculate the TL values as a function of the frequency, the
parameters 7, m, and poc in eq. (7) could be easily obtained
from the physical and mechanical properties of the panel and
the medium (in this study, air). Also, k, was replaced with
equivalent stiffness from eq. (4); thereby, the TL values were
calculated as a function of the frequency. Depending on the use
of different equivalent stiffnesses, the corresponding TLs were
determined for different BCs.

EXPERIMENTAL

Materials

The polymer specimens were constructed with PC (C-206)
obtained from Khouzestan Petrochemical Co. (Iran) and PMMA
(Acryrex CM-205) obtained from Chi Mei Corp. (Taiwan). Table
I shows the properties of the polymer materials used.

Specimen Preparation

Two different kinds of specimens were constructed. First, sheets
3 mm thick were fabricated by direct hot compression molding
as a monolithic material, and second, three 1-mm sheets were
constructed via hot compression molding and then glued onto
each other as a multilayer with the same thickness as mono-
lithic sheets. These two methods were performed for both poly-
mer materials, that is, PC and PMMA.

To mold the sheets, PC granules were heated in an oven for about
6 h at 110°C to remove any moisture, and the molding process
were performed at 300°C with a hot press. To prevent shrinking
defects, the hot press was left to cool gradually to room tempera-
ture. Also, the PMMA samples were constructed in the same man-
ner; the drying process for PMMA was accomplished in about 4 h
at 90°C, and the hot compression-molding process was done at
240°C. For the multilayered samples, the three 1-mm layers were
bonded together by two different kinds of adhesives under pres-
sure to reach a very thin bonding line interlayer. Epoxy- and
silicone-based adhesives were used for multilayered specimens.
The prepared sheets were laser-cut to a circle shape per imped-
ance tube requirements with a diameter of 10 cm.

Test Method

Dynamic mechanical analysis (DMA) was carried out to mea-
sure the mechanical properties of the polymer materials with
TTDMA from Triton Technology Co. (United Kingdom). An
impedance tube method per ASTM E 2611-09 was used to mea-
sure the normal TL for the specimens. The impedance tube
(SW 422) from BSWA Technology Co. (China) was used in a
frequency range of 63-1600 Hz.

In general, for a finite panel, the mounting conditions will
strongly affect STL. In the impedance tube test method, the
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Figure 2. Impedance tube setup and specimens. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

specimen may be freely suspended with a dense flexible seal or
some other method of mounting. Clearly, a small opening
around the sample’s edge will lead to a significant effect on the
TL calculations. Therefore, in this study, a rubbery sealant was
used to hold the samples in position and prevent any sound
leakage from peripheral cracks or gaps. Figure 2 shows the
impedance tube setup, the rubbery sealant, and the specimens
with and without sealant used.

RESULTS AND DISCUSSION

In this study, two different subjects were investigated. First, a
comparison was made between the soundproofing properties of
PC, PMMA, and glass. Also, the theoretical and experimental
results are presented for both polymer materials. Second, the
multilayered specimens were compared with monolithic ones
for both PC and PMMA, and the influence of epoxy- and
silicone-based adhesive interlayers on STL were assessed.

DMA

Figure 3 shows the storage modulus and phase angle (or loss fac-
tor) versus frequency for both PC and PMMA. It indicates a simi-
lar response for both materials with PMMA showing a greater
storage modulus and also a greater phase angle, especially at low
frequencies (i.e., 0-150 Hz), than PC. Furthermore, the study of
Figure 3 revealed two distinct regions for the storage modulus
and phase angle for the both polymer materials, that is, a plateau
region signifying an elastic response and a sharp drop. In general,
the dynamic mechanical test method contains two distinct time
domains that need to be studied, namely, the time of excitation
and the time of material’s response. At low frequencies, there was
enough time for material response, so the material retained its
elastic behavior. As shown in Figure 3, the elastic range (i.e., 0—
150 Hz), in which the material properties are constant, was easily
observed. However, at high frequencies, excitation was faster than
the material’s response, and material softening occurred. This
phenomenon caused a decrease in the storage modulus and an
increase in the damping properties. Therefore, as expected the
storage modulus was reduced as the frequency increased over the
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STL values for the monolithic PC, PMMA, and glass are depicted
in Figure 4. As shown, in the stiffness control region (i.e., 63-300 200 400 600 800 1000 1200 1400 1600
Hz), PMMA had a greater STL value than PC; this was about 4.7 Frequency (Hz)

dB on average. This behavior was expected because PMMA had a
higher elastic modulus compared to PC, and this caused a higher
stiffness. Table I shows that PC and PMMA had a very close den-
sity; this resulted in almost the same STL in the mass control
region and explained why PC and PMMA’s STL got closer to each
other in the range 1000-1600 Hz.

In the range 300-1000 Hz, the first resonance frequency occurred
both for PC and PMMA at 526 and 644 Hz, respectively. In this
region, all of the stiffness, density, and structural loss factor val-
ues of the polymer materials dominated the STL values; there-
fore, as shown in Figure 4, PMMA had a greater STL than PC
from 300-600 Hz, and this was reversed from 600 to 1000 Hz.
That is, the STL value for PC was higher than that of PMMA.

On the other hand, a comparison of glass with both PC and
PMMA indicated that the glass had higher stiffness than the
other two; this was due to the high elastic modulus for glass
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Figure 4. Experimental STL values for glass and monolithic PC and
PMMA. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 5. Experimental and theoretical results for (a) PC and (b) PMMA.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

(70 GPa). This resulted in a significantly higher STL compared
to those of PC and PMMA over the frequency range 63-800
Hz. Because of the higher elastic modulus of the glass, the first
resonance frequency occurred around 1100 Hz; therefore, its
STL curve decreased until it reached the first resonance.

We also observed from Figure 4 that there were two strange
peaks near 500 Hz for both glass’s and PMMA’s curves. This
change may not have been associated with the material’s sound-
isolating behavior, but it was attributed to the sealant and
mounting conditions. The rubbery sealant let the specimen have
a rigid body motion along with the tube length; this may have
been related to the changes in the system’s degrees of freedom
and resulted in the appearance of two peaks in the STL dia-
gram. We expected that the same thing happened for the PC
curve, but here, it coincided with the first resonance frequency
and was not observed.

In this study, as mentioned before, three cases were considered
for the investigation and modeling of the sample’s mounting
conditions in the impedance tube. According to eq. (4), equiva-
lent k; values were obtained with Ar values of 2.108 for a simply
supported BC and 3.196 for a fixed BC. The substitution of this
equivalent stiffness into eq. (7) and with the geometrical and
mechanical properties of the specimens, the theoretical TL val-
ues were calculated as function of the frequency.

Figure 5(a,b) shows the theoretical and experimental results for
PC and PMMA. Clearly, there was a considerable difference in
the frequencies of the first resonance between the experimental
results and these two theoretical results (i.e., the curves of the
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Figure 6. Theoretical curves for different loss factor values. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

fixed BC and simply supported BC) for both PC and PMMA.
This may have been due to the sample’s BC. The specimens
were mounted in the impedance tube with a rubbery sealant, so
this type of holding could not be modeled as simply supported
or fixed; actually, the rigidity of the test BC was something
between the two. Therefore, to compare the theory with the
experimental results, the equivalent stiffness was adjusted by the
selection of an Ar value of 2.62, so the theoretical resonance fre-
quency was matched with the experimental one. This case is
illustrated in Figure 5(a,b) as the rubber BC curve.

Although eq. (7) presents the general behavior of the system,
there were differences in the STL values from the theory and
experimental data; this was shown in the whole range of fre-
quency (i.e., 63-300 Hz). It was clear that eq. (7) could not
properly predict the STL values under these conditions; this
may have been due to the simplifying assumptions made. In
fact, according to eq. (5), only the first mode of vibration is
considered. So, eq. (7) does not include higher modes of the
panel. Actually, these theoretical formulations were useful for
the approximate prediction of the general behavior of STL, but
they could not calculate accurately.

Furthermore, the study of Figure 5(a,b) revealed that there was
a significant difference between the prediction and experimental
results at resonance frequency (cf., the two theories, rubber BC,
and experiment’s curves). It is known that at the resonance fre-
quency, the damping characteristics of the system dominated
STL. Therefore, such a major difference was attributed to the
fact that the rubbery sealant had higher damping properties
than both polymer materials; so at this range of frequency, a
combination of the rubber and panel’s loss factors dominated
the TL values. Figure 6 shows theoretical results for three differ-
ent loss factor values. The increase in STL at resonance is clearly
shown as the effect of higher damping.

STL for Monolithic and Multilayered Samples

STL values are presented for monolithic and multilayered PC’s
specimens in Figure 7. According to this diagram, the frequencies
of the first resonances occurred at 200, 300, 550, and 500 Hz for
the multilayered PC with no adhesive interlayers (PC/no-ADH),
multilayered PC with silicone interlayered adhesives (PC/sili-
cone), PC with epoxy interlayered adhesive (PC/epoxy), and
monolithic PC, respectively. Because of the fact that the very thin
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Frequency (Hz)
Figure 7. Experimental STL values for monolithic and multilayered PC.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

adhesive interlayers could not affect the density, this change in the
first resonance frequency indicated that the bending stiffness for
the multilayered PC/epoxy was almost the same as the monolithic
one, but the multilayered PC/silicone and PC/no-ADH showed
significant decreases in the stiffness. As shown in Figure 7, in the
frequency range 63-150 Hz, which was almost the stiffness con-
trol region for all four samples, the multilayered PC/epoxy had a
very close STL to the monolithic PC, but the multilayered PC/sili-
cone and PC/no-ADH showed a sharp drop in STL compared to
monolithic one; these values were about 10 and 18 dB, respec-
tively, on average; this confirmed the changes in the stiffness, as
mentioned earlier. We noted that the samples were subjected to a
normal incident plane wave in the impedance tube; therefore, the
coincidence frequency would not naturally exist. It was clear that
the second drop point in the curves of the multilayered PC/sili-
cone and PC/no-ADH corresponded to the multilayered reso-
nance frequencies. Obviously, for PC/epoxy, this point occurred
above 1600 Hz.

On the other hand, Figure 8 showed similar curves for the mon-
olithic and multilayered PMMA. As shown here, the multilayered
PMMA/epoxy samples had a very close STLs to that of mono-
lithic PMMA, but as before, the multilayered PMMA/silicone and
PMMA/no-ADH showed decreases in STL compared to the mon-
olithic one; these were about 5 and 17 dB, respectively, on aver-
age in the stiffness control region. This means that the epoxy-
based adhesive had a better performance in gluing the polymer

60
Monolithic PMMA
Multi-layered PMMA with epoxy adhesive
e 5o Multi-layered PMMA with silicone adhesive
= Multi-layered PMMA without adhesive
& a0+
=
2
w
2 30+
E
o
=
= 20 -
=
10+

0 260 400 6(‘10 860 1600 12‘00 14‘00 1600
Frequency (Hz)

Figure 8. Experimental STL values for monolithic and multilayered

PMMA. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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layers compared to the silicone-based adhesive. In the frequency
range of 1200-1600 Hz, the STL values for both the monolithic
and multilayered PMMA samples with adhesive got closer to
each other; this explained that the thin adhesive interlayers had a
negligible effect on the specimen’s density. Also, it was obvious
that the multilayered resonance frequency occurred at 1540 Hz
for multilayered PMMA/no-ADH, but for the other multilayered
specimens, it occurred at higher frequencies.

Furthermore, a focus on the resonance frequencies shown in
Figure 7 demonstrates that the monolithic PC and multilayered
PC/epoxy had more TL values at resonance than the other two
(i.e., the multilayered PC/silicone and PC/no-ADH). This be-
havior was also repeated for the PMMA samples, shown in
Figure 8. As mentioned earlier, at resonance, the system was
damping controlled, so the higher frequency resonance led to a
higher corresponding STL. In other words, at resonance, the
STL values increased with increasing frequency.

CONCLUSIONS

A comparison between PMMA and PC revealed that PMMA
was stiffer than PC; therefore, it had better sound-isolation
properties in the stiffness control region; this was about 4.7 dB
on average. However, the glass had a higher STL compared to
both polymer materials. Our theoretical study indicated that the
mounting conditions of the specimens through holding with a
rubbery sealant in the impedance tube showed behavior
between simply supported and fixed BCs. Also, common theo-
retical formulations, which include only the first mode of vibra-
tion, could not accurately predict the STL values.

Impedance tube tests for the monolithic and multilayered
samples demonstrated the influence of very thin adhesive inter-
layers. The results show that the bonding between the epoxy-
based adhesive and the polymer materials (i.e., PC and PMMA)
were more efficient than bonding with silicone-based adhesives.
Also, we concluded that the thin adhesive interlayers had no
significant effect on STL over the frequency range 1200-1600
Hz, which was about the mass control region. Therefore, it is
important to select a suitable adhesive with regard to the panel’s
material in the case of the increase in the panel’s thickness
through the addition of extra layers.
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