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Abstract: To test the acoustic performance of fiber-reinforced composites for replacing wood, an
acoustic vibration test method is developed. For evaluation of the test method, composites are
manufactured using hemp and ramie embedded in epoxy, through vacuum-assisted resin infusion
molding. The effects of the most important factors, i.e., impulse, relative humidity (RH), and
specimen thickness, on the acoustic vibration response of the composites are systematically studied.
The magnitudes of the impulses, represented by different masses of the dropping balls, seem to
have little influence on the shapes of the acoustic vibration curves, although the intensity of the
spectra increases as the impulse increases. The RH influences the spectrum shape significantly due
to variation in the Young’s modulus and density of the material upon absorption of moisture. The
specimen thickness also greatly affects the testing results. The specific dynamic modulus, acoustic
radiation damping coefficient, and acoustic impedance change a little as the impulse magnitude and
RH change, but decrease substantially as the specimen thickness increases. The specific dynamic
modulus can be linearly correlated with the flexural modulus of a material.
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1. Introduction

The acoustic properties of fibrous materials and fiber-reinforced composites have
been extensively studied for the purpose of sound insulation and absorption [1-7]. Dunne
et al. [8] give a thorough review on the sound absorption properties and available empir-
ical models for fibrous materials. Rosa and coworkers [9] published a literature review
on acoustic emission for monitoring the mechanical behavior of natural fiber compos-
ites. Reboul and coworkers [10] used acoustic emission monitoring to conduct research
on textile-reinforced cementitious composites (TRC). Kalteremidou and coworkers [11]
used digital image correlation and acoustic emission technology to test the carbon fiber
epoxy hollow beam components. Liang and coworkers [12] used a combination of X-ray
micro-computed tomography (Micro-CT), acoustic emission (AE), and digital image corre-
lation (DIC) techniques to evaluate the damage initiation/evolution of hybrid 3D woven
composites. However, these all use acoustic emission to evaluate the damage process of
the materials. Few studies have focused on the acoustic performance of materials them-
selves. Due to environmental concerns, wood harvesting is more and more restrictively
regulated around the world [13,14]. Therefore, much effort has been made to develop
alternative materials, especially fiber-reinforced composites, to replace wood for musical
instruments [13-18], for which acoustic emission properties are critically important. Jalili
and coworkers [16] have studied the acoustic emissions from carbon, glass, and hemp
fiber-reinforced composites for the purpose of manufacturing musical instruments. They
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reported that the hemp fiber-reinforced unsaturated polyester composites had acoustic
properties closest to those of poplar, walnut and beech wood specimens. However, no
scientifically sound method has been reported for testing the acoustic emission properties
of composite materials, specifically for percussion musical instruments, which are often
assessed by musicians’ subjective evaluations. Two types of testing methods are adopted
in the literature [16,17], which used hammers and a steel ball for inducing vibration to the
specimens. The material of the hammer and the impact magnitude of the steel ball are not
well defined, thus the results may not be reproducible. Therefore, designing a scientifically
sound, easy-to-use, and highly repeatable method for acoustic vibration tests of composites
for percussion musical instruments could be critically important for material evaluation,
selection, and improvement. In this study, a simple and repeatable acoustic vibration
test method is proposed and systematically studied. Hemp and ramie fiber-reinforced
epoxy-based composites were selected as typical materials for studying how the impulse
magnitude, relative humidity (RH), and specimen thickness influence the experimental
results. For most of the physical test methods, the dimensions of the specimen and the test
environment are the most important factors that have to be defined or fixed for comparison
purposes. Thus, we have to determine how these factors may influence the test results.
Other factors, such as temperature, may also influence the results, but may not be as
important as the former factors. In fact, the influence of temperature on the mechanical
properties of a hygroscopic material can be equivalent to that of moisture absorption with
a ratio of 15 °C/% [19]. Hemp and ramie are selected as reinforcing materials and epoxy is
used as the matrix to prepare cellulose fabric/epoxy composites by vacuum-assisted resin
infusion molding (VARIM), for evaluation of the test method. Cellulose fibers have the
closest physical and mechanical properties to wood among all the reinforcement fibers in
the composite industry.

2. Experiments
2.1. Materials

Hemp and ramie fabrics were provided by Yuyue Home Textile Co., Ltd. (Shandong,
China). The fundamental parameters of these two fabrics are listed in Table 1. The epoxy
resin (ML-5417A) and the curing agent (ML-5417B) were provided by Huibai New Materials
Technology Co., Ltd. (Shanghai, China). The fabrics were impregnated in the resin using
VARIM and then cured at 80 °C for 4 h. The mass ratio of the epoxy resin to the curing
agent was 10:3. The cross-sections of the composite specimens of different layers are shown
in Figure 1.

2mm

Figure 1. Cross-sections of composite specimens: (a) 1 layer, (b) 3 layers, (c) 5 layers of hemp
composites; (d) 1 layer, (e) 3 layers, (f) 5 layers of ramie composites.
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Table 1. Parameters of the fabrics.

Fabrics Fabric Count Weight Thickness
(end X pick/10 cm) (g/m?) (mm)

Hemp 108 x 88 538 0.96

Ramie 100 x 126 619 1.136

2.2. Acoustic Vibration Test Device

The schematic of the testing system is illustrated in Figure 2. The key issues in the
testing system design are specimen fixing and vibration impulsion selection.

Wooden stick

150

Polylactic acid thread

Vibration test and
analysis system

Microphone

Figure 2. Schematic diagram and real image of lateral free vibration testing system. The dimensions in the figure are all

in mm.

2.2.1. Specimen Fixing

Two typical methods for fixing the specimen are one with free boundary conditions
and the other with fixed boundary conditions. If the test specimen is large, fixed bound-
ary conditions are preferred, while for a small specimen, free boundary conditions are
preferable due to potential external factors that can influence testing results. In the current
study, small specimens were used for development of materials and thus, free boundary
conditions were adopted.

For the case of free boundary conditions, the specimen should be completely isolated
from the environment by hanging it with a string such that the specimen can vibrate in all
modes. Two factors are considered for the system, namely, the positions of the hanging
strings on the specimen and the natural frequency of the system determined by the length
and the stiffness of the string. The position where the string was tied to the suspended
specimen should not interfere with any form of vibration. The distance between the
hanging points and the near end of the specimen must be 0.224 L, in which L is the length
of the specimen (Figure 2) according to the literature [20]. If the whole system is considered
as a spring with the mass of the specimen, the spring constant, K, is inversely proportional
to the length and positively proportional to the stiffness of the string as follows [21]:

F  2nR’c  2nR%E
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where F is the force applied, Ax is the extension of the string, ¢ is the stress, R is the radius
of the string, E is the Young’s modulus of the string and L is the length of the string.
The natural frequency, f, of the system is as follows:

1 /K | ERZ?
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where m is the mass of the specimen. The criteria for selection of the string length and
stiffness are in place to ensure that the natural frequency of the system is far away from
the vibrational frequency of the specimen being tested. In the current study, a polylactic
acid string (19.5 tex) with a Young’s modulus of about 3 GPa and a length of 150 mm was
used to hang the specimen. The calculated system natural frequency was in the range of
30-50 Hz, which is indeed far away from the frequency of the acoustic waves (200-5000 Hz)
emitted from the composite samples.

2.2.2. Induction of Vibration

There are two ways to impose vibration to the specimen: forced vibration and free
vibration. The end use of the composites is for drums or percussion instruments in which
the vibration is induced by a stick knocking at the wall or the membrane, which is closer to
a free vibration condition. In free vibration, the test specimen is excited by an impact force
and vibrates until all the energy is consumed. The stimulation method for this purpose is
usually knocking the specimen with a hammer, which could be hard to control. In order to
improve the consistency of the test, in the current study, a small steel ball with a constant
mass was dropped from a fixed height to induce free vibration of the specimen [22].

2.2.3. Acoustic Signal Collection and Processing

In this study, the sound signal near the other end of the specimen was received by a
microphone and converted into an electrical signal, as shown in Figure 2. The converted
electrical signal was fast Fourier transformed (FFT) into a frequency spectrum.

2.2.4. Acoustic Vibration Characteristics

The most important acoustic characteristics for a specimen are the dynamic elastic
modulus E4, the specific dynamic modulus Eg / p, the acoustic radiation damping coefficient
R, and the acoustic impedance Z [23], among which Eg is calculated as follows:

22714
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where L is the specimen length, h is the specimen thickness, v is the sound transmission
speed of the specimen, p is the specimen density, and f, is the fundamental vibration
frequency [20], Bn is the constant corresponding to the fundamental frequency f,, and
Ban=(Mm+1/2)m,n=1,2, 3, n. In practice, f, is determined from the frequency spectrum
recorded by the acoustic testing system.

The specific dynamic modulus, Eq/p, characterizes the dynamic rigidity of the mate-
rial and is related to the intrinsic properties of the material, namely, flexural modulus and
specific density, and extrinsic properties, such as cross-sectional shape and dimensions of
the material [23]. Acoustic radiation damping coefficient (R) represents the intensity of the
acoustic energy radiated into the air and is expressed as follows:

The acoustic impedance Z is expressed as follows:

Z = pv =4/pEq ©)
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The lower the acoustic energy loss due to internal friction, the higher the acoustic
energy transferred into the air, leading to louder and longer-lasting sound emitted by the
specimen, resulting in a higher conversion efficiency of sound vibration energy. Acoustic
impedance (Z) is also called characteristic impedance. From the perspective of sound
vibration efficiency, materials with good acoustic performance should have a larger specific
dynamic modulus, a larger acoustic radiation damping coefficient, and smaller acoustic
impedance, which facilitates the efficient conversion of sound energy and the improvement
in response speed [24].

2.3. Flexural Test

The flexural properties of the composites and ailanthus wood, the wood typically
used for traditional percussion drums in China, were tested using a universal testing
machine (INSTRON CMT 5204) according to ASTM D7264 at a constant loading speed of
2 mm min~!, a specimen size of 80 mm x 13 mm, and a span 16 times that of the specimen
thickness. For each sample, at least 5 valid specimens were tested.

The flexural modulus Ef (MPa) was calculated as follows:

L3m

_ Dm 6
UATAR ©)

where L is the support span (mm), m is the slope of the force-deflection curve, b is the width
of specimen (mm), / is the thickness of specimen (mm).

3. Results and Discussion
3.1. Effect of Different Vibration Stimulation Impulses

In the acoustic vibration test, choosing a proper vibration stimulation impulse to
induce vibration or generate sound waves is one of the key parameters to be considered.
Three steel balls, with diameters of 3.5, 4.0, and 4.7 mm, and masses of 0.17, 0.25, and 0.45 g,
respectively, were chosen to be dropped at the same height. The test results are shown in
Figure 3.
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Figure 3. Frequency spectra induced by different impulses in composites: (a) hemp; (b) ramie.
Acoustic vibration performance parameters under different vibration impulses: (c) hemp; (d) ramie.

In Figure 3, it can be observed that for both the hemp/epoxy and ramie/epoxy
composites, when the mass of the impact steel ball increased, the acoustic wave spectra
were highly similar in shape, but the amplitudes of the peaks were proportionally increased.
This is because, with the increased masses, the impact energy applied to the specimen was
raised.
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By analyzing the peak frequencies of the spectra, the average values of the acoustic
vibration parameters, the specific dynamic modulus E4/p, the acoustic radiation damping
coefficient R, and the acoustic impedance Z were obtained, as shown in Figure 3c,d. The
three acoustic vibration parameters of either the hemp- or the ramie-reinforced epoxy
composites, obtained by stimulation with the steel balls of different masses, were virtually
the same. This is because the peak positions did not change with the change in the impact
energy, which means that one may use almost any reasonable mass of the impactor for this
type of test, without significant variation in the resultant acoustic vibration parameters.

3.2. Influence of Environmental Relative Humidity

The two types of composites were conditioned for 24 h in three RHs, namely, 20%,
60%, and 99%, prior to the acoustic vibration test. The results are shown in Figure 4.

~
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~
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~

99%
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Amplitude (Pa)

0 1000 2000 3000 2000 5000 0 1000 2000 3000 4000 5000

Frequency (Hz) Frequency (Hz)

Figure 4. Frequency spectra for composites, conditioned in different RHs, reinforced with: (a) hemp;
(b) ramie. Acoustic vibration performance parameters for composites reinforced with: (c) hemp;
(d) ramie.

The acoustic vibration spectra of three specimens of hemp and ramie composites
conditioned in different RHs were somewhat different. It was found that the spectra
with RHs of 99% and 20% have a high degree of similarity, but the second characteristic
peak of the curve with 60% RH disappeared. However, the specimens in 60% RH had
significantly higher third and fourth peaks compared with the specimens conditioned in
the other two RHs. The change in the frequency spectra with the change in RHs could
be explained as a result of moisture absorption of the composite, since both the cellulose
fibers and the epoxy matrix are hygroscopic. The moisture absorption of hygroscopic
materials follows an inversed S-shape isotherm [25], in which the moisture absorption
is fast at the beginning and then slows down in intermediate RH, due to less and less
available intermolecular space for water molecules to diffuse in if the volumetric change is
not allowed. As the RH increases to a high level, the replacement of the hydrogen bonds
with water molecules will eventually liberate the neighboring molecules and create larger
intermolecular spaces, allowing a large number of water molecules to enter, leading to a
volumetric increase [26]. Thus, if the RH is around 60%, the density of the composite will
be larger than that conditioned at 20%. However, the density of the composite could be
lowered when it is conditioned at 99%, due to swelling. The modulus of the composite
should always be decreased as the RH is increased, since water is a good plasticizer for
hygroscopic materials. The resonant frequency of a composite positively depends on the
modulus and negatively on the density of the composite. The net outcome for the change
in the frequency spectrum is determined by the balance of the two factors.
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The calculated acoustic parameters are shown in Figure 4. It can be observed that the
Eq/p, R, and Z of the composites did not change significantly, since they were calculated
from the first peak, which did not change much when the RH varied. Among the three
RHs, 60% seems to give the most distinctive spectrum, and this is also close to the standard
testing conditions for textiles and composites [27]. Therefore, we would recommend using
an RH of around 60% for this kind of test.

3.3. Effects of Specimen Thickness

The effect of the thickness of the composites on the acoustic properties is evaluated
for the composites reinforced with one, three and five fabric layers at 60% RH. The acoustic
spectra and the acoustic vibration performance parameters are presented in Figure 5. The
specimen thickness has a limited impact on the frequency of the first peak in the spectra.
However, the specific dynamic elastic modulus, Eg, of the material is inversely proportional
to h? [23]. Thus, a small increase in thickness, h, could result in a large reduction in Eg4,
which will, in turn, reduce the three acoustic vibration parameters. Therefore, to ensure
consistency in the testing results, the thickness of the specimen has to be strictly controlled.
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Figure 5. Frequency spectra of composites with different number of layers: (a) hemp; (b) ramie.
Acoustic vibration performance of composites with different layers: (c) hemp; (d) ramie.

Another influential factor is the composite-specific density. When the number of fabric
layers increases, the void content could be increased, since more fiber surfaces need to be
wetted by the resin, and, thus, the fabrics may not be thoroughly infiltrated. Indeed, the
specific density of the single-layer composites made of both hemp and ramie fabrics was
the highest, compared with those with three and five layers of fabrics.

3.4. The Relation between Dynamic Elastic Modulus and Flexural Modulus

For some specific circumstances, nondestructive tests of the materials are preferred.
The acoustic vibration test proposed here could be a nondestructive testing method for
the estimation of the modulus of a material. The flexural moduli of the composites were
determined using regular flexural tests, and were compared with those using the current
acoustic vibration test, as shown in Figure 6a. For comparison purposes, we also tested
ailanthus, a natural wood with obvious anisotropy. The modulus of its vertical strips
was 29.8 times as much as that of its horizontal strips. The dynamic elastic moduli of the
horizontal strips and vertical strips were 1.36 GPa and 8.54 GPa, respectively, which were
close to their corresponding flexural moduli of 0.43 GPa and 12.81 GPa, respectively. This
is also close to the elastic modulus of similar wood reported in the literature [28], which
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proved that our test method can generate results comparable to those produced using
other methods. The modulus of the composite materials decreased as the number of layers
increased.

As shown in Figure 6b, the measured dynamic elastic moduli and flexural moduli
were correlated and analyzed, and the Pearson correlation coefficient of hemp (R;?) and
ramie (Ry?) were 0.999 and 0.995, respectively, indicating that the two are highly correlated.
The correlation between the flexural and dynamic elastic modulus can be expressed by the
following linear regression equations:

Eg = 0.801E; — 3.868, R;2 = 0.999 @)

Ego = 0.756E; — 3.527, Ry2 = 0.995 (8)

where Ey; and Eg; are the dynamic elastic moduli of hemp and ramie composites, respec-
tively, and E; and E, are the corresponding flexural moduli. Therefore, the dynamic elastic
moduli are proportional to the flexural moduli, and, thus, may be used to predict one
another if necessary.

24
(a) ) (b)14 - Hemp
20} "~ ] [ Hemp [_] Horizontal strips | = Ramie
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Figure 6. (a) The flexural moduli of different layers of composites and ailanthus; (b) the relation between dynamic elastic
moduli and flexural moduli.

4. Conclusions

The following conclusions are drawn using the proposed acoustic vibration test
method. The magnitudes of the impulses have little influence on the shapes of the acoustic
vibration curves, although the intensity of the spectra increased proportionally as the
dropping ball mass increased. The influence of RH is rather significant in terms of spectrum
shape, due to the moisture-induced variation in Young’s modulus and the material density.
The specimen thickness greatly influences the testing results. The specific dynamic modulus
(E4/p), acoustic radiation damping coefficient (R), and acoustic impedance (Z) changed
a little as the impulse magnitude and RH changed, but decreased substantially as the
specimen thickness increased. Therefore, one has to select a proper dropping ball and
around 60% RH to carry out the test. It is not possible to simply compare the results of
specimens with different thicknesses, and, thus, specimen thickness has to be fixed for
comparison purposes. The acoustic properties of the samples tested using the current
method correspond well to their mechanical properties, indicating reasonable reliability
of the test method. In addition, the results obtained using the current method are also
comparable to those produced using other methods.
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