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Abstract: Unlike the term sound insulation, which means reducing the penetration of noise into other
areas, sound absorption means reducing the reflection and energy of the sound on the surface. It
has become a highly noticed issue in recent years because the noise in our daily life is increasing
day by day, and it causes some health and comfort disorders. In many areas, textiles have been
used for acoustics control and noise absorption purposes. The purpose of this work is to determine
the most effective media for sound absorption performance and its relation to thermal conductivity
from needle-punched nonwoven, meltblown nonwoven and hybrid forms in different arrangements
of these fabrics. To provide comparable samples, both needle-punched nonwoven and meltblown
nonwoven samples were produced from 100% Polypropylene fibres. According to sound absorption
tests, the hybrid-structured sample having a composition similar to the needle-punched nonwoven
sample placed at the bottom of our study, while the meltblown nonwoven sample placed as a face
layer outperformed the rest of the samples in terms of sound absorption and thermal conductivity.
‘Meltblown only” samples had remarkably higher sound absorption efficiency than most of the
samples, while the ‘needle-punched nonwoven only” sample had the lowest sound absorption
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1. Introduction

Academic Editor: Fabien Salaiin In addition to noise pollution from outside commotion, such as transportation and
industry, indoor clamour from ventilation and office machines negatively affect human
well-being, and this impact is expanding day by day [1]. Of its negative effects, hear-
ing and sleeping disorders are common; noise pollution also diminishes learning and
brain capacity [2]. Novel materials and acoustic science make lowering exposure to noise
possible [3].

There are three basic mechanisms to reduce noise: absorbency, damping and isolation.
Generally, a thick layer of material absorbs more sound than a thinner layer of the same
material [4]. Sound absorption reduces the energy of the sound and its reflection; instead,
sound energy is transformed into heat energy by penetrating the porous surface of the
absorbent material [5].

It is a well-known fact that nonwoven materials have been used in the automotive,
construction and machinery industries for sound/noise insulation purposes. According to
This article is an open access article  the present literature and industrial projects, when cost is a factor in noise insulation, it
distributed under the terms and 1S useful to consider alternative materials such as meltblown fabrics and /or nanofibrous
conditions of the Creative Commons ~ Materials either solely or in different combinations. To this aim, a number of researchers
Attribution (CC BY) license (https://  have investigated sound absorption abilities of these materials for various applications.
creativecommons.org/licenses /by / Production parameters, fibres, methods, etc., are the main factors that determine
40/). the acoustic character of a textile. In this context, porous materials are good absorbers
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for the high-frequency sound ranges due to their interconnected pores. On the other
hand, nanofibres behave differently and absorb low-frequency sound waves, possibly
due to their high surface area and effective airflow resistance [6]. Thickness is also an
important parameter and increases the sound absorption efficiency of the material [7].
Composites provide improved absorption capability compared to single-layer materials
due to the exploitation of the superior properties of different materials [8,9]. The diameter
of the pore is of importance, and the smaller the pore diameter, the greater the sound
absorption at low frequencies [10]. The installation specifications for nonwovens also matter
in terms of acoustic performance in that perpendicular laid nonwoven fabric exhibits better
sound absorption than a longitudinal laid nonwoven fabric [11]. The above information
shows that acoustics and its control is a complex task and should be investigated from
many perspectives. Therefore, a number of researchers have investigated this complex
phenomenon from different perspectives. Some have concentrated on raw materials, while
others have focused on methods and applications for noise control.

Fibre morphology and type play important roles in acoustic control. Researchers
have reported that hollow polyester fibre provides higher sound absorption than regular
polyester fibre [12]. Researchers have also found that natural fibres, which are gain-
ing importance as a remarkable alternative to synthetic fibres with quite different mor-
phologies, exhibit good sound insulation performance especially at medium and high
frequencies [13,14]. Microfibres with low diameter and close structure provide superior
sound absorption in a large frequency range [15,16]. Likewise, studies showed that nanofi-
bres with their high surface area and lower diameter have boosted the sound absorption
capacity, especially in the low and medium frequency range [17-20].

A study conducted by Palak and Kayaoglu found that web bonding had the most
significant effect on sound absorption capacity compared to the cross section of fibre,
the blend ratio of fibres and the areal density parameters [21]. Composite structures
also improve sound absorption and are being increasingly used in automotive, civil and
aerospace engineering [22,23].

As stressed before, for a porous structure, the ability to transform sound energy
into heat energy determines acoustic absorption efficiency. Therefore, it is important to
investigate the thermal conductivity of porous acoustic absorbers. The ability of textile
materials to transport heat from their surface to another surface is known as thermal
conductivity [24].

Not only micro-size or nanomaterials, but also artificial composite periodic materials
such as acoustic metamaterials and phononic crystals are being studied as possible and
effective sound absorbers. Reetz et al. reported the fabrication of a set of phononic
crystals with a variety of defect geometries pertaining to the size of acoustic band gaps
that provide good noise reduction [25]. Jin et al. used a square lattice phononic crystal
(PnC) to demonstrate metamaterial effects and observed positive and negative refraction
and reflection simultaneously, enabling sophisticated development and analysis of acoustic
materials [26].

Last but not least, there are also possibilities for developing new materials and appli-
cations from recycled materials, for example recycled medical face masks. In particular,
the COVID-19 pandemic raised an awareness of the environmental impact of used mask
materials and the recycling issue [27]. Varghese et al. demonstrated a novel method for
recycling nonwoven layers from medical face masks into a meltblown layer and mention its
potentially remarkable applications [28]. Maderuelo-Sanz et al. carried out an experimental
investigation of the acoustic performance of surgical face mask waste and found that face
mask waste shows an ideal sound absorber efficiency that could be used in acoustic ceiling
panels, perforated panel absorbers, sandwich structures or in the core of noise barriers [29].

Based on previous research and their potential in acoustic engineering applications,
needle-punched nonwovens and meltblown nonwovens are promising materials for sound
absorption applications. For this reason, this work aimed to contribute to the study of
sound insulating materials, particularly the sound absorption qualities of needle-punched
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nonwoven, meltblown nonwovens and their two-layered hybrid combinations having
different arrangements. Thermal conductivity as another parameter was investigated to
understand its relevance and effect on sound absorption factors of these samples.

Specifically, acoustic nonwovens were prepared in cooperation with two leading
companies in this area, and their sound absorption performance was studied along with
the basic fabric parameters.

2. Materials and Methods
2.1. Material

In this study, a needle-punched (NP) nonwoven sample was produced in cooperation
with an automotive component company in Turkey. Meltblown fabrics in different masses
were produced in cooperation with another company that has years of experience in
meltblown media production and the development area. Hybrid samples were prepared
by spraying melted polymer directly onto the needle-punched nonwoven materials. In
this way, a meltblown nonwoven layer was formed either at the top or at the bottom of the
needle-punched nonwoven material. To provide a strong bonding of these two layers and
prevent delamination further, calendaring was used where hybrid samples passed through
two heated rollers at 140 °C. Therefore, no additional layer was needed to provide bonding.

Needle-punching is the most common method for the production of acoustic compo-
nents [30,31]. Meltblown (MB) fabrics are promising for many engineering applications
and also of interest for noise reduction in recent years [32,33]. The detailed information for
the needle-punched (NP) sample that was specifically prepared for this study is given in
Table 1.

Table 1. Needle punched nonwoven sample specification.

Parameters Values
Thickness (mm) 24402

Weight (g/m?) 210+ 5
Sample size (m?) 0.5+ 0.05

Fiber Diameter(mm) 19+2

The detailed information for the meltblown (MB) samples that are specifically prepared
for this study are given in Table 2.

Table 2. Meltblown Samples Specification.

Sample Code MB 23 MB 28
Screw Speed (Rpm) 23 28
Sample Size (m?) 0.5+ 0.05 0.5+ 0.05
Thickness (mm) 20+0.1 251+£0.2
Weight (g/m?) 207.9 +7 2124 +6
Fiber diameter (um) 1.18 £0.3 1.30 £ 0.5
Fiber type 100% PP 100% PP

As Table 2 shows, two different meltblown fabric samples having different fibre
diameters, thicknesses and weight values were produced with two different screw rotation
speeds. The screw speed could be defined as the rotation speed inside the extruder of the
meltblown machine. Samples were taken from the rolls in a circular shape, and the sample
size was determined as 29 mm. Two-layered NP/MB hybrid fabric samples (Figure 1) were
also prepared, and their properties are presented in the methods section of this article.
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Figure 1. Photograph of 2 NP/MB hybrid fabric samples.

2.2. Method

In this study, the sound absorption coefficients of the NP, the MB and the two-
layered hybrid NP/MB samples were determined using an impedance tube (Briiel&Kjeer,
4206 Model, Neerum, Denmark) according to ISO10534-2 ‘Acoustic Absorption Factor” test
standard. This test method covers the use of an impedance tube, two microphone locations
and a digital frequency analysis system for the determination of the sound absorption
coefficient of sound absorbers for normal sound incidence [34]. The sound absorption
coefficient measurements were carried out in three different designs. In the first step, the
sound absorption coefficient of the NP was determined. In the second step, the sound
absorption coefficient of the MB fabric samples was determined and compared within
themselves. In the third step, the sound absorption coefficient of the two-layered hybrid
NP/MB samples was determined and compared within themselves. Hybrid samples were
prepared in two different arrangements. In other words, while the needle-punched fabric
was positioned on the surface in some samples, it was positioned on the bottom in other
samples (Table 3). In this way, a comprehensive analysis of the effect of fabric parameters
and arrangement on the acoustic character of the samples was carried out and a thorough
understanding was achieved.

In the second part of the study, thermal conductivity analysis was carried out for
three samples (51, S5 and S7) using an Alambeta instrument according to ISO standard
8301 to understand whether a direct or indirect relationship between this parameter and
the acoustic absorption factor exists. These samples were selected based on their acoustic
performance. sample S1 showed the lowest acoustic absorption performance, while the
S5- and S7-encoded samples outperformed the rest of the samples in acoustic absorption.
Specifically, in the test, the measuring head with the sensing block descends as soon as the
measurement is initiated. A sudden shift in the sample’s surface temperature causes the
sensor to record the heat on the transient temperature region of the thin plate. Thermal
conductivity measurements were taken for 10 different areas of each sample; results were
averaged and then presented in a graph format comparing sound absorption factors.



Coatings 2022, 12,1092 50f12
Table 3. Arrangement and technical information of samples.
Code Arrangement Thickness (mm) Weight (g/m?)
S1-NP 24+02 210+ 5
D
S2-MB 23 20401 2079 +7

Ip:

S3-MB 28 251+£02 212+ 6

>
D
S4-MB 23 + NP 45402 4594 + 10
—»

T D
S5-NP + MB23 45 +0.2 4594 4+ 10

>

S6-MB 28 + NP 5+03 4842 £13

L »[wB 28]

D
S7-NP + MB 28 54+03 4842 4+ 13

3. Results

In this part, the sound absorption coefficient and thermal conductivity results of the
needle-punched nonwoven fabric, the meltblown fabrics and their hybrid forms were
analysed and are presented in Figures 2 and 3. In addition to the sound absorption
measurements of the nonwoven samples, the original sound absorption of the impedance
tube as the baseline is also presented in the Figure 2 (encoded as T) to clearly understand
the performance of the nonwovens and the meltblown additional layers. The Figures reveal
that all samples have shown a higher acoustic absorption performance compared with the
original sound absorption of the impedance tube.

In the relevant literature, researchers have found that higher sound transmission loss
occurred at higher frequencies for PP needle-punched nonwovens [35]. In the present study,
a similar result was obtained: the NP fabric had a slightly higher absorption factor after
5000 Hz frequency (Figure 2).

On the other hand, meltblown nonwovens have become a product of interest for the
acoustics area recently; therefore they were included in the present study. As mentioned in a
previous citation, Messiry et al. investigated acoustical absorptive properties of meltblown
nonwovens and reported that they have excellent sound absorption property, especially
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for frequencies between 4500 and 5500 Hz [33]. Again, in the present study, two different
meltblown nonwoven samples yielded similar results and had ideal sound absorption at
frequencies between 4500 and 6300 Hz (Figure 2). Meltblown samples in the present study
also outperformed the needle-punched sample for all frequencies.
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Figure 3. Thermal conductivity versus sound absorption factors of samples.
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Hybrid nonwovens have also been studied in the literature for their acoustic effi-
ciency [36,37]. A limited number of research works investigated the effect of the arrange-
ment of the fabric layers in the multi-layered material on acoustic performance under
the term ‘layer sequencing’. Yilmaz et al. investigated the effect of layer sequencing of
three-layered composite fabrics comprised of needle-punched nonwovens (monofibre or
multifibre needle-punched nonwovens included poly(lactic acid) (PLA), polypropylene
(PP), glass fibre and hemp fibres) and found that the sound absorption coefficient was
higher when the layer including reinforcement fibres was placed on the face side, closest to
the sound source [38].

Thermal conductivity analysis results are presented in Table 4. According to the
analysis, the S1-encoded sample had the lowest thermal conductivity, while the S7-encoded
sample had the highest thermal conductivity, and the S5-encoded sample performed better
than the S1 sample.

Table 4. Thermal conductivity values of samples.

Sample Code Thermal Conductivity A [mW/(mK)]
S1 43.85
S5 47.35
S7 49.32

Thermal conductivity results were compared to the sound absorption results and
presented in Figure 3. It is clear from the figure that the sample with the highest sound
absorption factor also has the highest thermal conductivity value. In other words, as thermal
conductivity values increase, sound absorption factors increase, too. This phenomenon
was supported with the high regression value of 0.84.

4. Discussion

The present study investigated the effect of layer sequencing on sound absorption
performance of needle-punched /meltblown hybrid structures by arranging layers either
on the face or on the bottom. Indeed, the arrangement of the layers in the hybrid structure
affects sound absorption; the insulation material can be customized by changing the
position of the layers. As shown in Figure 2, samples encoded with ‘S5’ and ‘S7’ obtained
the highest sound absorption factors, respectively, thanks to their hybrid structure and
specific arrangement. The S5-encoded sample outperformed the rest of the samples in
the study in acoustic performance when the meltblown nonwoven was placed as the face
layer, and the needle-punched nonwoven was placed as the bottom layer in the hybrid
structure. Following this, the S7-encoded sample had a high sound absorption factor in
a similar manner when the meltblown nonwoven was placed as the face layer, and the
needle-punched nonwoven was placed as the bottom layer in the hybrid structure. The
common element in these two samples was the placement of the meltblown nonwoven
as the face layer, and it increased the sound absorption capacities for both samples due
to its finer diameter and higher surface area. It is thought that the S5-encoded sample
had the highest sound absorption because the needle-punched nonwoven was supported
by a meltblown nonwoven of finer diameter that was produced at 23 rpm. Except for
the S6-encoded sample, all hybrid samples had a higher sound absorption factor than the
rest of the samples in the study. The reason behind this result for the S6-encoded sample
is its arrangement where the needle-punched nonwoven was placed on the face and the
relatively thicker meltblown fabric was used as a supporting layer.

In comparison to the other samples in the study, the needle-punched nonwoven
performed as the worst sample in terms of sound absorption for all frequencies. Even
though traditional nonwovens provide better sound absorption due to their thickness and
mass in theory, it does not really work when compared with meltblown nonwovens.

In this study, all meltblown only samples and meltblown-supported needle-punched
nonwoven samples performed better than the needle-punched only samples despite their
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lower thickness and lower mass. This fact can also be explained by the higher surface
area of the meltblown nonwovens. Last but not the least, the fibre diameter has been
observed to play an important role in the acoustic performance of the fibrous structures of
the study. According to the relevant literature, it was reported that sound absorption of
the fibrous materials increases as the fibre diameter decreases [39]. Findings supporting
this information were obtained within this study. In fact, the S5-encoded sample, which
has the lowest diameter meltblown component, had the highest sound absorption factor
among all samples. Researchers developing fibrous acoustic materials explained the reason
of this phenomenon; with sound waves, thin fibres can travel more easily than thick
ones [40]. This will limit the propagation of air through the fibrous structure, resulting
in an increase in sound absorption. The S7-encoded sample also displayed high acoustic
performance in a similar manner because the air movement was being limited there as well.
Researchers working on improving sound-absorbing materials using natural fibres reported
that higher surface area and lower diameter create a more tortuous path and higher airflow
resistance [41]. This is because a higher number of fibres are required for lower-sized
materials to reach the same number of fibres available in higher-sized materials. This
limits air movement because of the higher density in the same space. Thus, the S7-encoded
sample, despite its relatively higher thickness, provided one of the best acoustic dampening
materials within the study due to the finer fibres on the surface that increased airflow
resistance. Although used as a single layer, the S2-encoded sample performed better than
most of the samples of the study, especially in higher frequencies because of its relatively
low fibre diameter which enabled a higher surface area. This result supports findings from
the previously mentioned studies from the literature mentioned throughout the paper. To
the best of our knowledge, there is no study available in the relevant literature investigating
the effect of layer sequencing on the sound absorption factor of hybrid structures comprised
of needle-punched nonwoven and meltblown nonwoven materials. This part of the study
promises a novelty. Traditional needle-punched nonwovens were already assessed for
different layer sequencing arrangements in previous studies; however, these studies did not
cover their hybrid combinations with meltblown nonwovens. The reason for this might be
that even though meltblown nonwovens are considered as a promising material for future
acoustic applications, the use of meltblown nonwovens has not yet become as widespread
as needle-punched nonwovens. In this way, this part of the study not only provides a
general performance analysis for hybrid structures but also investigates the performance
of different hybrid samples with different sequencing arrangements, i.e., meltblown layer
placed either at the top or bottom of the hybrid structure. This novel information can be
used by scientists when deciding a material for each layer that will perform better, and it
can also be used by developers in industry when designing acoustic materials for different
applications.

All samples within the study are porous nonwoven material. They have 90% porosity,
allowing sound waves to easily travel through and be dampened. In a wide range of
applications, such materials can be used as noise control components [42]. The present
findings support this assertion. Our study showed that hybrid samples perform better
in terms of sound absorption as they have a higher total number of pores in comparison
with the single-layer samples. On the other hand, even though the total number of the
pores in the single-layered meltblown nonwoven samples is less than some of the hybrid
samples, these samples performed closer to the hybrid samples. This might be because
the lower fibre diameter and higher surface area enable a more functional surface that
improves sound absorption. This finding can be useful for the design and development of
novel acoustic materials comprised of meltblown nonwovens. Researchers have reported
that porous nonwoven materials sound insulation characteristics in the audible frequency
range of 1254000 Hz can be effectively used applications such as acoustic ceilings, noise
reducing quilts and noise proof barriers [43]. To relate to the results of the paper, especially
the S2-, 54-, S5- and S7-encoded samples provide relatively higher absorption factors for
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the 3150-6300 frequency ranges and offer possibilities to obtain customized absorption for
different applications.

As far as we know, this is the first study comparing thermal conductivity and sound
absorption factors of nonwoven materials in terms of acoustic performance on a layer-
sequencing basis. Normally, thermal conductivity parameters in textile materials are
measured to determine thermal insulation properties to understand whether the fabric
provides warm or cool feeling, primarily in clothing. Thermal conductivity is also analyzed
to determine the thermal load of a material. Normally, thicker samples have a lower
thermal conductivity due to an increase in their thermal resistance, a phenomenon that was
already reported in previous studies [44,45]. However, in our study, even though the S5-
and S7-encoded samples are thicker than the S1-encoded sample, they have higher thermal
conductivity values. The reason of this phenomenon could be attributed to the finer fibres
making the surface of the hybrid structure more functional as previously explained. It
was also thought that this increase in thermal conductivity would have contributed to
the increase in sound absorption performance by increasing the amount of sound energy
converted into thermal energy and transferring it directly outside, lowering noise inside
the hybrid structure. In other words, the acoustic absorption capabilities of the nonwoven
materials could possibly be improved by raising the thermal conductivity. This novel
finding can lead to planning and developing new procedures in the experimental design of
acoustic testing. This would mark the first time that thermal conductivity was used for an
area outside clothing comfort or thermal insulation analysis for any material. Therefore,
it might open-up new possibilities for further development of fibrous acoustic materials.
Traditional needle-punched nonwoven fabrics such as the S1-encoded sample do not follow
this phenomenon since higher diameter fibres within a structure diminish the surface
functionality of the material. It is also important to discuss whether there is any acoustic
power dependence on the sound absorption for the samples of the study. This can be
explained by considering principles of either Hooke’s Law or Newton’s Law of Cooling. It
is thought that the acoustic power dependence on the sound absorption for our samples
follows Newton’s Law of Cooling, as thermal conduction proportionally increases heat loss
from the surface of the material [46]. Newton’s Law of Cooling is based on Newton’s Second
Law of Motion which relates to the simple harmonic oscillator acceleration of the mass to the
net external force acting on the mass [47]. As perpendicular displacement on the membrane
approaching the thickness of the membrane in our samples’ have a thickness of less than
3 mm, the vibration response has power and frequency dependence. In considering all
aspects mentioned: mass, thickness, vibration response, fibre type and diameter and surface
area play a critical role in determining the acoustic performance. Kalinova reported that
an increase in the number of merged fibres might affect the resonance frequency of the
membrane, and these local places can resonate at a slightly different frequency, enabling an
increase in the absorbed frequency range [48]. In fact, the hybrid samples of the present
study provide a wider range of absorption frequency due to the explained merged fibres
phenomenon compared with single-layered samples.

5. Conclusions

The present work investigated the effect of different forms of fabrics, such as single-
layer needle-punched nonwoven, single layer meltblown and their hybrid combinations,
on sound absorption performance and its relation to their thermal conductivity values.
It also shows potential results of using these fabrics either at the bottom or at the face in
terms of design for acoustic performance. The laboratory testing revealed the following
highlights:

e  The needle-punched nonwoven fabric provides the lowest sound absorption perfor-
mance for all frequencies when it is used alone.

e  Meltblown fabrics produced at two different rpms performed remarkably better than
needle-punched nonwoven when they are used alone. Of these fabrics, the meltblown
fabric produced at 23 rpm outperformed the other meltblown fabric (28 rpm) in



Coatings 2022, 12,1092

10 of 12

References

low, medium and higher frequencies. The finer diameter contributed to the acoustic
performance of the material.

e For the hybrid, when the meltblown fabric was placed at the face and the needle-
punched was placed at the bottom, it provided a higher sound absorption performance
compared to the hybrid samples having the opposite arrangement. It can be explained
by higher surface area and finer fibre diameter greatly contributing to the acoustic
performance. Therefore, it is better to place the finer diameter fibrous material on the
face when higher sound absorption performance is desired in fibrous hybrid structures.
This phenomenon also contributed to an increase in thermal conductivity values of
the hybrid structures that would possibly advance sound absorption capability by
transferring a higher amount of the heat energy that was converted from sound energy.

e  The needle-punched nonwoven/meltblown hybrid samples performed slightly better
than meltblown alone fabrics in sound absorption in general.

e Contrary to theory, higher mass and thickness did not make needle-punched non-
woven the best material for acoustic performance. On the other hand, meltblown
nonwovens and their hybrid combinations performed better due to their finer diameter
and surface area even though they have lower mass and thickness.

Of these hybrid structures, the needle-punched only sample had the lowest sound
absorption performance; therefore it should not be used as a single material in technical
applications and should be supported with another material, i.e., meltblown nonwovens to
increase acoustic efficiency. However, although they are lighter and thinner, meltblown
nonwovens are more promising in terms of acoustic performance due to their lower fibre
diameters making them a potential candidate for various engineering applications. In
fact, meltblown nonwovens can be an ideal component as potential sound absorbers even
for automotive applications in future depending on new designs and developments in
morphology, fibre size and materials.

Outlook and Suggested Future Work

Future studies may investigate different meltblown fabrics produced at a higher
rpm range and needle-punched nonwoven produced in different mass and fibre types.
Future studies can also investigate the effect of thermal conductivity on sound absorption
performance for the fabrics made of different polymers. The hybrid combinations of these
fabrics, including nanofibre layer(s), may pioneer designing the next generation of sound
absorption materials. Therefore, more studies need to be carried out to investigate the
efficacy of incorporating nanofibrous layers into acoustic materials, considering surface
area, thickness, surface functionality, fibre diameter, etc. Future studies can also consider
using recycled materials obtained from abundantly consumed materials such as nonwoven-
based face masks.
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