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Abstract: In this study, the vibration and sound response characteristics of composites produced
via injection molding applied with a microcellular foaming process (MCPs) were improved. The
study was conducted using PA6 and glass fiber composites, which are representative thermoplastic
engineering plastics. Two types of specimens were used: a plate specimen to confirm the basic sound
and vibration characteristics, and a large roof-rack specimen from an actual vehicle with a complex
shape. The frequency response function curve was calculated by conducting an impact test, and
natural frequency and damping ratio were measured based on the curve. The results confirmed
that, in the case of a specimen manufactured through the injection molding process to which MCPs
were applied, the natural frequency was lowered, and the damping ratio decreased. The degree of
change in the natural frequency and damping ratio was confirmed. To determine the cause of the
change in the natural frequency and damping ratio, the mode shape at the natural frequency of each
specimen was measured and the relationship was confirmed by measuring the density and the elastic
modulus of the composite. In addition, the usability of the specimens to which MCPs were applied
was verified by conducting impact strength and tensile strength tests.

Keywords: sound and vibration; glass-fiber-reinforced plastic; microcellular foaming process; natural
frequency; damping ratio

1. Introduction

To reduce the weight of products, the need for lightweight materials with advanta-
geous physical properties is increasing. Fiber-reinforced plastics are lightweight and have
various advantages, such as good physical properties, durability, rigidity, wear, and thermal
properties; thus, these are increasingly being used. In particular, fiber-reinforced plastics
manufactured via injection molding have good physical properties and can be produced in
precise shapes; thus, they play an important role in housings and component parts, such
as smartphones, electronic products, and automobiles, and their scope of application is
expanding [1–3]. As the field of application of fiber-reinforced plastics has expanded, prop-
erties previously not required for plastics are now being required. As plastics increasingly
constitute the parts of many products, particularly structures, it is necessary to study their
acoustic and vibration characteristics, as well as the existing basic mechanical properties.
An increase in the use of plastics means that the importance of plastics has increased from
the perspective of vibration transmission systems. Therefore, it is necessary to study the
sound and vibration response characteristics, mode shapes, and natural frequencies of
plastic composite structures [4–7].

Materials with good sound and vibration response characteristics can be applied in
various fields. Materials with good response characteristics can be applied to products with
important noise and vibration performance, such as laptops, TVs, air conditioners, and
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washing machines. Each product has an excitation source and vibration and noise from
this source are transmitted to the vibration transmission system and, finally, to the product
user. The application of a material with good sound vibration response characteristics
in the vibration transmission system reduces the level of sound vibration transmitted to
end-users, and this noise vibration reduction effect can help increase the marketability
of the product. In addition, on a larger scale, materials with improved sound vibration
response characteristics may be applied to automobile parts; reinforced plastic is applied
to various parts, such as panels, radar housings, inverter housings, air conditioners, and
heat sinks.

Some characteristics need to be considered when developing a composite material
with good sound vibration response characteristics. In this study, the vibration and sound
response characteristics of composite materials were measured by using the frequency
response function (FRF), obtained by conducting impact tests of the specimen. The natural
frequency and damping ratio of the specimens were measured by analyzing the FRF curves.
To study the mechanism of the change in sound vibration response characteristics due to
foaming, the dynamic characteristics and the basic mechanical properties of the material
were evaluated. The basic vibration system comprises the mass, stiffness, and damping.
Although there is a difference between the dynamic and static characteristics, the static
modulus and dynamic stiffness tend to be proportional. The mass can also be represented
by the specimen density. In a vibration system, the natural frequency is proportional to the
stiffness and inversely proportional to the mass. In addition, the damping ratio tends to be
inversely proportional to mass and inversely proportional to stiffness. Studies have shown
that when the static modulus value decreases, the material becomes softer and, thus, the
natural frequency decreases and the damping ratio increases [8]. In this study, the effects of
the density, elastic modulus, damping ratio, and noise vibration response characteristics of
foamed and unfoamed specimens were confirmed.

A study on the sound and vibration characteristics of fiber-reinforced plastics was con-
ducted based on specimens manufactured by using the prepreg method or heat plate [9–12].
Unlike in previous studies, in this study, the vibration and sound characteristics of fiber-
reinforced plastics for specimens manufactured through injection molding were investi-
gated. Moreover, the focus of this study was on the difference in the dynamic characteris-
tics between foamed specimens—formed by employing a microcellular foaming process
(MCPs)—and unfoamed specimens. MCPs is a process in which a supercritical gas is
dissolved in a polymer to form micropores within the micrometer unit [13]. It has several
advantages, such as weight reduction, improved molding properties, sound transmission
properties, reflectivity, and electrical conductivity [14–17]. Preliminary research related to
this study was conducted, where the shrinkage and warpage of fiber-reinforced plastics
were reduced through MCPs. Kim et al. reduced the warpage by applying MCPs and
confirmed the change in fiber orientation based on the application of MCPs [18]. Ryu
et al. also conducted a study on the generation of micropores and randomization of fiber
orientation due to MCPs based on PA6, which is the same material used in this study [19].

In this study, an experiment was conducted using a composite containing 18% glass
fiber in PA6. PA6 was selected for this study because it is a representative engineering ther-
moplastic resin that is both lightweight and has excellent physical properties. PA6 is tough
and has excellent abrasion resistance, excellent fire resistance, fatigue limit, lubrication,
shock strength, excellent strength, and rigidity. PA6 is 30% lighter than the existing PA
but can maintain its physical properties. The application of PA6 is gradually expanding
to improve fuel efficiency and electric vehicle AER through weight reduction in the auto-
mobile sector. The acoustic and vibration characteristics of specimens formed by injection
molding process to which the MCPs was applied, which has not been addressed in previ-
ous studies, were investigated in this study. The difference in vibration response, sound
response, natural frequency, and mode shape between foamed and unformed specimen
was confirmed. Through a simple plate-shaped specimen, the sound vibration response
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characteristics based on the application of the MCPs were confirmed and the tendency was
confirmed by applying the MCPs to large-sized parts with relatively complex shapes.

2. Materials and Methods
2.1. Material

The experiment was performed using glass-fiber-reinforced polymer (GFRP) rein-
forced with 18 wt% glass fiber in polyamide 6 (PA6). PA6 is a representative high-
performance plastic, which is 30% lighter than the existing PA, although it maintains
its physical properties. It has been widely used by automobile companies to reduce carbon
emissions via weight reduction. The materials used in the experiments were PA6 (Kolon
Plastics Inc., KOPA6 KN133HBRR, Gyeongsang, Korea). In addition, experiments were
performed using inert nitrogen (N2) gas for microcellular foaming.

2.2. Microcellular-Foaming-Applied Injection Molding Process

In this study, an injection molding process with MCPs was used. The MCPs melt an
inert gas inside the polymer in a supercritical fluid (SCF) state and then form micropores
inside the polymer through a rapid pressure drop. A schematic of the MCPs used in
this study is shown in Figure 1. An injection machine with a 120 ton clamped force
(Woojin Plaimm Co., Ltd., Woojin Selex-E120, Chungcheong, Korea) was used to mold
the plate-shaped specimen. An injection machine with a 2300-ton clamped force (Woojin
Plaimm Co., Ltd., Woojin DL2300A5, Chungcheong, Korea) was used to form the roof rack
specimen. To perform the test, N2 gas was converted into an SCF state using a self-made
supercritical fluid supply system, injected into the barrel of the injection molding machine
and dissolved in the polymer. The unfoamed specimen was molded using a conventional
injection molding machine. The foamed specimen, to which the MCPs was applied, foamed
inside the mold by injecting N2 gas of supercritical fluid ecology into the barrel during
injection molding.
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Figure 1. Microcellular-foaming-process applied injection molding process.

2.3. Test Specimens

Two types of specimens were used in the study. The first was a plate specimen with
a simple rectangular structure, as shown in Figure 2. The dimensions of the plate specimens
were 150 mm × 100 mm × 2 mm; they were relatively small and had a simple, thin structure.
In the case of plate specimens, the characteristics of the housing applied to small products,
such as smartphones, are reflected. The second specimen was a roof-rack product as shown
in Figure 3, mounted on an actual vehicle. The dimensions of the roof rack specimens were
1493 mm × 43.5 mm × 30.7 m. It was larger than the plate specimen and had complex
structure and flow characteristics. Through the second specimen, we examined how the
acoustic and vibration response characteristics change on a major scale when MCPs are
applied to an actual large-sized product to which GFRP is applied. Because of the elongated
rod shape, a change in the mode shape of the rod-shaped specimen can also be confirmed.
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2.4. Acoustic and Vibration Characteristics

To measure the acoustic and vibration characteristics, an experiment was conducted,
as shown in Figure 4. The experiment was conducted using a frequency response function
based on an impact test with an impact hammer. The equipment used was a microphone
(PCB 377B02), impact hammer (PBC 086C03) accelerometer (PCB 356A15), and Frontend
Module (Siemens), and the test was performed using the Siemens Testlab Software. The
vibration response was measured from the excitation of the center part of the plate specimen
and receiving the response of the center part. The sound response was measured using
the response of the microphone at a position 100 mm from the specimen. In the case of
natural frequency and mode shape, the plate specimen was tested under the boundary
condition in which the four sides were clamped through a designed jig. The experiments
were performed using a geometry comprising 5 × 6 30-point nodes. In the case of the
roof-rack specimen, the experiment was conducted with both ends clamped by constructing
a 10-point rod geometry. The FRFsum was obtained by summing the frequency response
functions measured at each point. The natural frequency and mode shape were calculated
using FRFsum [9,10,20].

In addition, the Q factor and the damping ratio were measured through FRF curves.
The degree of damping of the vibration system was confirmed through the Q factor and
the damping ratio. The Q factor is a numerical value of the sharpness of the peak in the
resonant frequency domain controlled by damping in the FRF curve. The value of the Q
factor is a value obtained by dividing the resonance frequency by the bandwidth at −3 dB
from the peak level at the resonance frequency. The Damping ratio is a value obtained by
dividing the reciprocal of the Q factor by 2. Consequently, the lower the Q factor, the higher
the damping ratio, the higher the damping of the resonant frequency.

2.5. Mechanical Properties

In this study, the density, impact strength, tensile strength, and elastic modulus
values were measured to explain the cause of the change in the noise vibration response
characteristics and to confirm the mechanical characteristics of the foamed and unfoamed
specimens. A density meter (MD-300S, AlfaMirage, Osaka, Japan) was used to measure



Polymers 2022, 14, 173 5 of 15

the densities of the specimens. The foaming ratio, which indicates the degree of foaming
of the specimen, was calculated using Equation (1). ρunfoamed represents the density
of the unformed specimen and ρfoamed represents the density of the foamed specimen.
A universal testing machine (QMESYS Co., Ltd., QM-100T, Gyonggi, Korea) was used to
measure the tensile strength and elastic modulus of the specimens. The ASTM D638 method
was used as the tensile strength measurement specimen (165 mm × 19 mm × 3.3 mm). The
impact strength was measured using ASTM D256. The impact strength was measured
using an Izod impact tester (Salt Co., Ltd., ST-120, Incheon, Korea).

Foaming ratio =
ρunfoamed − ρfoamed

ρunfoamed
× 100 (1)
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2.6. Cell Morphology

Scanning electron microscopy (SEM) imaging was performed to observe the formation
of pores and fiber orientation in the specimen made through the MCP. The photographed
specimen was taken as the cross-section of the plate specimen. Scanning electron mi-
croscopy (SEM) was used (JEOL Ltd., JEOL-7001F, Tokyo, Japan). The magnifications of the
photographed images were ×200 and ×500. To confirm cell morphology, SEM images were
analyzed using Image J software and the shapes of cell size and cell density were observed.

3. Results and Discussion
3.1. Vibration Response of Plate Specimen

An experiment was conducted to determine the effect of the vibration response based
on the application of MCPs. The frequency response function was obtained through the
impact test of the plate specimen and the results are shown in Figure 5. In addition, the
vibration characteristics in FRF curves in Figure 5 are shown in Table 1. As shown in
Figure 6, the resonance frequency of the specimen made using MCPs decreases. When
MCPs was applied, micropores were generated inside the specimen and the weight was
reduced. However, the reduction in dynamic stiffness is greater than the mass decrease,
resulting in a lower overall frequency. Another feature is that the vibration response at
the resonant frequency is reduced when MCPs are applied. In addition, as shown in
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Figure 7, the damping ratio of the MCPs specimen increases. In general, if the amount
of material decreases, the vibration response also increases because of the weakening of
the dynamic stiffness, which tends to be unfavorable to vibration. However, in this case,
the damping ratio increased. There are two main reasons for this result. According to the
results of previous studies, when MCPs are applied, they affect the degree of crystallinity
of the material, which can increase the damping ratio [21–23]. Another effect is the con-
tribution from the randomized fiber orientation, which has been addressed in previous
studies [16,17,24,25]. When the effect of fiber orientation on the vibration measurement is
examined, the results show that the frequency and mode characteristics change according
to the fiber orientation [9,10]. In addition, a study showed that when MCPs are applied to
the existing GFRP, fiber orientation is relatively randomized by the increase in flowability
owing to cell growth and a decrease in viscosity. Therefore, when MCPs are applied, the
fiber orientation is randomized, which is expected to play a role in increasing the damping
ratio of the material.
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Table 1. Vibration characteristics from FRF curves from Figure 5.

1st Peak 2nd Peak

PA6

Natural Frequency (Hz) 290 328

Q factor 10.79 10.97

Damping Ratio (%) 4.63 4.56

PA6 + MCPs

Natural Frequency (Hz) 262 312

Q factor 9.14 9.16

Damping Ratio (%) 5.47 5.46

Polymers 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

Damping Ratio (%) 5.47 5.46 

 
Figure 6. Effects of MCPs on Natural Frequency of plate specimen. 

 

 
Figure 7. Effects of MCPs on damping ratio of plate specimen. 

 

3.2. Sound Response of Plate Specimen 
As shown in Figure 8, the sound response of the plate specimen was confirmed to 

exhibit a similar tendency to the vibration response. The resonant frequency shifted 
downward, and the response sensitivity decreased; this is because the vibration charac-
teristics generated by vibrating the plate-shaped specimen were expressed as radiated 
sounds, exhibiting a similar tendency. This tendency appears to be advantageous for 
product design, whereby the product is designed to be far from the source emitting the 
resonant frequency. If the frequency needs to be reduced by reducing the stiffness, the 
sensitivity increases, and side effects can occur. In this case, the frequency can be lowered 
but the sensitivity is reduced accordingly. Therefore, many possible applications are ex-
pected. 

 

Figure 6. Effects of MCPs on Natural Frequency of plate specimen.



Polymers 2022, 14, 173 7 of 15

Polymers 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

Damping Ratio (%) 5.47 5.46 

 
Figure 6. Effects of MCPs on Natural Frequency of plate specimen. 

 

 
Figure 7. Effects of MCPs on damping ratio of plate specimen. 

 

3.2. Sound Response of Plate Specimen 
As shown in Figure 8, the sound response of the plate specimen was confirmed to 

exhibit a similar tendency to the vibration response. The resonant frequency shifted 
downward, and the response sensitivity decreased; this is because the vibration charac-
teristics generated by vibrating the plate-shaped specimen were expressed as radiated 
sounds, exhibiting a similar tendency. This tendency appears to be advantageous for 
product design, whereby the product is designed to be far from the source emitting the 
resonant frequency. If the frequency needs to be reduced by reducing the stiffness, the 
sensitivity increases, and side effects can occur. In this case, the frequency can be lowered 
but the sensitivity is reduced accordingly. Therefore, many possible applications are ex-
pected. 

 

Figure 7. Effects of MCPs on damping ratio of plate specimen.

3.2. Sound Response of Plate Specimen

As shown in Figure 8, the sound response of the plate specimen was confirmed to
exhibit a similar tendency to the vibration response. The resonant frequency shifted down-
ward, and the response sensitivity decreased; this is because the vibration characteristics
generated by vibrating the plate-shaped specimen were expressed as radiated sounds,
exhibiting a similar tendency. This tendency appears to be advantageous for product
design, whereby the product is designed to be far from the source emitting the resonant
frequency. If the frequency needs to be reduced by reducing the stiffness, the sensitivity
increases, and side effects can occur. In this case, the frequency can be lowered but the
sensitivity is reduced accordingly. Therefore, many possible applications are expected.
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3.3. Natural Frequencies and Mode Shapes of Plate Specimen

We analyzed the sound and vibration characteristics at one point on the plate specimen,
as described in Section 3.1. We divided the plate specimen into 30 points and measured
the vibration response at those 30 points, as shown in Figure 9. The obtained FRFsum was
utilized to determine the mode shape and natural frequency for each mode shape.

The result of the vibration response sum of the plate specimen are shown Table 2 and
Figure 10, results were like that of the vibration response test conducted at one point. In the
case of the MCPs specimen, the frequency was reduced, and the damping ratio decreased
compared with the conventional PA6 GF specimen. The trends of the mode shapes obtained
through the summation of the vibration responses are presented in Table 3. The natural
frequency and damping ratio according to MCPs are shown in Figures 11 and 12.
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Table 2. Vibration characteristics from FRF curves from Figure 10.

Mode 1 Mode 2 Mode 3 Mode 4

PA6

Natural Frequency (Hz) 293 400 566 635

Q factor 0.65 1.58 3.04 2.43

Damping Ratio (%) 76.84 31.67 16.43 20.57

PA6+MCPs

Natural Frequency (Hz) 270 357 558 592

Q factor 0.56 0.93 2.28 2.44

Damping Ratio (%) 89.76 53.5 21.9 20.53
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Table 3. Cont.

PA6 GF PA6 GF + MCPs

Mode 3
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In the case of mode shape, it was confirmed that the unfoamed specimen and the
foamed specimen showed similar shapes. However, the degree of frequency separation
differed for each mode. The frequency distribution of each mode is shown in Figure 11.

The frequency of the MCPs-applied specimen was lower than that of the neat specimen.
However, there was a difference in the degree of frequency shift for each mode. In the case
of plate specimens, there was a difference of 23 Hz and 8 Hz in Modes 1 and 3, respectively,
and Modes 2 and 4 had a difference of 43 Hz. For each mode shape, the effect of MCPs was
different. In addition, the damping ratio in Mode 1 and Mode 2 increases a lot according to
MCPs. However, Mode 3 has a relatively small difference, and Mode 4 has little difference.
This is expected to be because the fiber orientation was randomized within the MCP, and
the vibration response characteristics changed according to the shape of the mode.
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3.4. Natural Frequencies and Mode Shapes of Roof-Rack Specimen

In contrast to the plate specimen, the roof-rack specimen is an actual product and
has a more complex structure; it is large, with a width of 1.5 m. In the case of complex
large specimens through roof-rack specimens, an experiment was conducted on how the
characteristics change when the MCPs is applied. In the case of the roof-rack specimen,
the FRFsum was obtained by dividing the specimen by 10 points in a linear shape and
summing each vibration response; the results are shown in Figure 13. Natural frequency, Q
factor, and damping ratio were measured through FRF curves, which are shown in Table 4.
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Table 4. Vibration characteristics from FRF curves from Figure 13.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7

PA6 GF

Natural Frequency (Hz) 25 51 125 155 225 297 400

Q Factor 6.76 4.24 7.82 5.17 12.56 12.89 10.72

Damping Ratio (%) 7.40 11.78 6.39 9.67 3.98 3.88 4.66

PA6 GF
+

MCPs

Natural Frequency (Hz) 25 53 118 146 213 279 372

Q Factor 6.36 4.94 2.70 5.68 2.28 12.02 8.33

Damping Ratio (%) 7.86 10.13 18.50 8.81 21.95 4.16 6.00

Even the more complex and larger roof-rack specimens exhibited similar vibrational
response tendencies as the plate specimens. It can be observed that the frequency lowered
and damping ratios were increased when the MCPs is applied, even in the case of large and
complex specimens. The shapes of the mode shapes for each peak are presented in Table 5.

Table 5. Mode shapes of roof rack specimen.

PA6 GF PA6 GF + MCPs

Mode 1
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Table 5. Cont.

PA6 GF PA6 GF + MCPs

Mode 2

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Mode 3

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Mode 4

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Mode 1 

  

Mode 2 

  

Mode 3 

  

Mode 4 

  

 
Because the roof-rack specimens are long and linear, mode shapes with the same 

shape as rods clamped at both ends can be obtained. As with the plate specimen, the fre-
quency was lowered, and it was confirmed that the frequency response sensitivity de-
creased in each mode. The degree of frequency shift of each mode is shown in Figure 14. 
In addition, the effect of the damping ratio according to the MCPs is shown in Figure 15. 

In the case of natural frequency, it can be observed that the frequency of the specimen 
to which the MCPs is applied is lowered and the shift level has a small difference at the 
beginning; then, the difference gradually occurs as it moves to the higher-order mode. 

 
Figure 14. Effect of MCPs on natural frequencies of the roof-rack specimen. 

Because the roof-rack specimens are long and linear, mode shapes with the same shape
as rods clamped at both ends can be obtained. As with the plate specimen, the frequency
was lowered, and it was confirmed that the frequency response sensitivity decreased in
each mode. The degree of frequency shift of each mode is shown in Figure 14. In addition,
the effect of the damping ratio according to the MCPs is shown in Figure 15.
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In the case of natural frequency, it can be observed that the frequency of the specimen
to which the MCPs is applied is lowered and the shift level has a small difference at the
beginning; then, the difference gradually occurs as it moves to the higher-order mode.

3.5. Mechanical Properties

As shown in Figure 16, the density of the MCPs-applied specimen decreases. The
foaming rate is calculated to be approximately 13%. In addition, as shown in Figure 17, the
elastic modulus shows a decrease in the foam specimens. A decrease in the density indicates
a decrease in the mass in vibration system. When the mass decreases in the vibration system,
the natural frequency increases. Conversely, the elastic modulus decreases in the same
direction as the reduction in natural frequency. These impact results indicate that the
natural frequency decreases. The contribution of elastic modulus reduction is greater than
the effect of mass reduction. In addition, the decrease in the elastic modulus can explain the
increased damping ratio. This means that the material becomes softer, and the transmitted
vibration energy is converted into other energy inside the material and is lost.
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The sound vibration response characteristics and the other mechanical properties of
specimens foamed by using the MCPs should be verified. Therefore, in this study, the
tensile strength and impact strength, which are representative mechanical properties, were
measured. As shown in Figure 18, the tensile strength decreases by approximately 6%.
However, it can be considered as a decline in the physical properties that can be sufficiently
tolerated in preparation for a 13% weight reduction effect. In the case of the impact strength
shown in Figure 19, the foamed specimen is improved; this is related to an increase in the
damping ratio as the foamed specimen absorbs more energy during the impact experiment.



Polymers 2022, 14, 173 13 of 15

Polymers 2022, 14, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 17. Effect of MCPs on elastic modulus. 

 
The sound vibration response characteristics and the other mechanical properties of 

specimens foamed by using the MCPs should be verified. Therefore, in this study, the 
tensile strength and impact strength, which are representative mechanical properties, 
were measured. As shown in Figure 18, the tensile strength decreases by approximately 
6%. However, it can be considered as a decline in the physical properties that can be suf-
ficiently tolerated in preparation for a 13% weight reduction effect. In the case of the im-
pact strength shown in Figure 19, the foamed specimen is improved; this is related to an 
increase in the damping ratio as the foamed specimen absorbs more energy during the 
impact experiment. 

 
Figure 18. Effect of MCPs on tensile strength. 

 

 

Figure 18. Effect of MCPs on tensile strength.

Polymers 2022, 14, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 17. Effect of MCPs on elastic modulus. 

 
The sound vibration response characteristics and the other mechanical properties of 

specimens foamed by using the MCPs should be verified. Therefore, in this study, the 
tensile strength and impact strength, which are representative mechanical properties, 
were measured. As shown in Figure 18, the tensile strength decreases by approximately 
6%. However, it can be considered as a decline in the physical properties that can be suf-
ficiently tolerated in preparation for a 13% weight reduction effect. In the case of the im-
pact strength shown in Figure 19, the foamed specimen is improved; this is related to an 
increase in the damping ratio as the foamed specimen absorbs more energy during the 
impact experiment. 

 
Figure 18. Effect of MCPs on tensile strength. 

 

 
Figure 19. Effect of MCPs on impact strength.

3.6. Cell Morphology

SEM was performed to confirm the fiber orientation and cell morphology before and
after MCPs were applied to the specimens used in this study, and the images are shown in
Figure 20. (a), (c) show unfoamed specimens, each measured at a magnification of ×200
and ×500. They are both cross-sections of the specimen in the flow direction, and the
direction of the fibers is uniformly oriented. In contrast, the images in (b) and (d) show the
results of taking a cross-section of the specimen to which MCPs are applied. To evaluate the
cell morphology, the shape, size, and density of the cell were examined by using the Image J
software. A closed shape cells were observed in the SEM image, with a cell size of 10–20 µm
(average 17 µm) and a cell density of 8.4 × 107cells/cm3 were formed. In addition, the fiber
orientation was randomized compared to the conventional unfoamed specimen.
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Figure 20. Cross-sectional images of samples taken by a scanning electron microscope: (a) unfoamed
sample magnified 200 times; (b) foamed sample magnified 200 times; (c) unfoamed sample magnified
500 times; and (d) foamed sample magnified 500 times.

4. Conclusions

In this study, the response characteristics of sound and vibration of fiber-reinforced
PA6, molded through an injection molding process to which the MCP was applied, were
investigated. The sound and vibration response characteristics were measured before
and after the application of MCPs to PA6 GF specimens. The results were confirmed by
measuring the characteristics of a plate specimen with a simple structure and a roof-rack
specimen with a relatively complex structure. The results show that in the case of the
specimen foamed by applying the MCPs, the natural frequency decreased and the vibration
response sensitivity tended to decrease compared with the unfoamed specimen. The
mode shapes were measured to identify the tendency of the shift in each mode. The
reason for the lowered natural frequency was the reduction in mass; however, the dynamic
stiffness value was further reduced, lowering the frequency. The reason for the decrease
in vibration sensitivity can be expected to be the effect of increasing the damping ratio
owing to the increase in crystallinity when applying MCPs and the effect of the fiber
orientation randomization.

Thus, the natural frequency of the vibration noise of fiber-reinforced plastics is believed
to be lowered by the MCP, and the effect of reduced vibration sensitivity can be applied
to various product designs in the future. When the sound and vibration characteristics
of a product are tuned, the structure is advantageous as the resonant frequency of the
excitation source and the part are spaced apart. Usually, if the frequency is lowered, the
rigidity is reduced. However, when the MCPs are applied to fiber-reinforced plastics, as
in this study, the weight and frequency decrease and the damping ratio increases. It is
expected that this will be widely applied to the design of various plastic parts in the future.

Author Contributions: Conceptualization, H.K.K.; investigation, H.K.K. and Y.R; data curation,
H.K.K.; writing—original draft preparation, H.K.K.; writing—review and editing, J.K. and D.K. and
Y.R.; supervision, S.W.C.; project administration, S.W.C.; funding acquisition, S.W.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea (NRF), grant
number NFR-2018R1D1A1B07049405.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2022, 14, 173 15 of 15

References
1. Dipen, K.R.; Durgesh, D.P.; Pradeep, L.M.; Emanoil, L. Fiber-Reinforced Polymer Composites: Manufacturing, Properties, and

Applications. Polymers 2019, 11, 1667. [CrossRef]
2. Sherif, G.; Chukov, D.; Tcherdyntsev, V.; Torokhov, V. Effect of formation route on the mechanical properties of the polyethersulfone

composites reinforced with glass fibers. Polymers 2019, 11, 1364. [CrossRef] [PubMed]
3. Nobe, R.; Qiu, J.; Kudo, M.; Ito, K.; Kaneko, M. Effects of SCF content, injection speed, and CF content on the morphology and

tensile properties of microcellular injection-molded CF/PP composites. Polym. Eng. Sci. 2019, 59, 1371–1380. [CrossRef]
4. Liu, T.; Butaud, P.; Placet, V.; Ouiss, M. Damping behavior of plant fiber composites: A review. Compos. Struct. 2012,

275, 114392. [CrossRef]
5. Gibson, R.F.; Ayrinde, E.O.; Wen, Y.F. Vibrations of carbon nanotubes and their composites: A review. Compos. Sci. Technol. 2007,

67, 1–28. [CrossRef]
6. Duc, F.; Bourban, P.E.; Plummer, C.J.G.; Månson, J.-A.E. Damping of thermoset and thermoplastic flax fibre composites. Compos.

Part A 2014, 64, 115–123. [CrossRef]
7. Haim, A. Stability of composite stringer-stiffened panels. In Stability and Vibrations of Thin Walled Composite Structures; Woodhead

Publishing: Sawston, UK; Cambridge, UK, 2017; pp. 461–507.
8. Guen, M.J.L.; Newman, R.H.; Fernyhough, A.; Emms, G.W.; Staiger, M.P. The damping–modulus relationship in flax–carbon fibre

hybrid composites. Compos. Part B Eng. 2016, 89, 27–33. [CrossRef]
9. Lee, S.K.; Kim, M.W.; Park, C.J.; Chol, M.J.; Kim, G.; Cho, J.M.; Choi, C.H. Effect of fiber orientation on acoustic and vibration

response of a carbon fiber/epoxy composite plate: Natural vibration mode and sound radiation. Int. J. Mech. Sci. 2016,
117, 162–173. [CrossRef]

10. Kim, C.J. Comparison of Mode Shapes of Carbon-Fiber-Reinforced Plastic Material Considering Carbon Fiber Direction. Crystals
2021, 11, 311. [CrossRef]

11. Li, H.; Ren, X.; Yu, C.; Xiong, J.; Wang, X.; Zhao, J. Investigation of vibro-acoustic characteristics of FRP plates with porous foam
core. Int. J. Mech. Sci. 2021, 209, 106697. [CrossRef]

12. Mohammed, Y.A.; Mohamed, K.H.; Ahmed, F.M.; Khalil, A. A Novel and Highly Effective Natural Vibration Modal Analysis to
Predict Nominal Strength of Open Hole Glass Fiber Reinforced Polymer Composites Structure. Polymers 2021, 13, 1251. [CrossRef]

13. Cha, S.W. A Microcellular Foaming/Forming Process Performed at Ambient Temperature and a Super Microcellular Foaming
Process. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 1994.

14. Cha, S.W.; Cho, S.H.; Sohn, J.S.; Ryu, Y.; Ahn, J. Reflectance according to Cell Size, Foaming Ratio, and Refractive Index of
Microcellular Foamed Amorphous Polymer. Int. J. Mol. Sci. 2019, 20, 6068. [CrossRef] [PubMed]

15. Moon, Y.; Cha, S.W.; Seo, J.H. Bubble nucleation and growth in microcellular injection molding processes. Polym. Plast. Technol.
Eng. 2008, 47, 420–426. [CrossRef]

16. Zhao, J.; Wang, G.; Chen, Z.; Huang, Y.; Wang, C.; Zhang, A.; Park, C.B. Microcellular injection molded outstanding oleophilic
and sound-insulating PP/PTFE nanocomposite foam. Compos. Part B 2021, 215, 108786. [CrossRef]

17. Jun, Y.S.; Hyun, B.G.; Hamidinejad, M.; Habibpour, S.; Yu, A.; Park, C.B. Maintaining electrical conductivity of microcellular
MWCNT/TPU composites after deformation. Compos. Part B Eng. 2021, 223, 109–113. [CrossRef]

18. Kim, H.K.; Sohn, J.S.; Ryu, Y.; Kim, S.W.; Cha, S.W. Warpage Reduction of Glass Fiber Reinforced Plastic Using Microcellular
Foaming Process Applied Injection Molding. Polymers 2019, 11, 360. [CrossRef]

19. Ryu, Y.; Sohn, J.S.; Yun, C.-S.; Cha, S.W. Shrinkage and Warpage Minimization of Glass-Fiber-Reinforced Polyamide 6 Parts by
Microcellular Foam Injection Molding. Polymers 2020, 12, 889. [CrossRef]

20. Mali, K.D.; Singru, P.M. Study on the Effect of the Impact Location and the Type of Hammer Tip on the Frequency Response
Function (FRF) in Experimental Modal Analysis of Rectangular Plates. IOP Conf. Ser. Mater. Sci. Eng. 2018, 330, 012102. [CrossRef]

21. Nofar, M.; Jahni, D.; Rizvi, G.; Park, C.B. Development of high void fraction polylactide composite foams using injection molding:
Crystallization and foaming behaviors. Chem. Eng. J. 2015, 262, 78–87.

22. Takada, M.; Hasegawa, S.; Ohshima, M. Crystallization kinetics of poly(l-lactide) in contact with pressurized CO2. Polym. Eng.
Sci. 2004, 44, 186–196. [CrossRef]

23. Nofar, M.; Zhu, W.; Park, C.B. Effect of dissolved CO2 on the crystallization behavior of linear and branched PLA. Polymer 2012,
53, 3341–3353. [CrossRef]

24. Yousefi, A.H.; Memarzadeh, P.; Afshari, H.; Hosseini, S.J. Dynamic characteristics of truncated conical panels made of FRPs
reinforced with agglomerated CNTs. Structures 2021, 33, 4701–4717. [CrossRef]

25. Murugan, R.; Muthukumar, V.; Pradeepkumar, K.; Muthukumaran, A.; Rajesh, V. Influence of Fiber Orientation on Mechanical
Properties and Free Vibration Characteristics of Glass/Hemp Hybrid Composite Laminates. Lecture Notes in Mechanical Engineering;
Springer Nature: Berlin/Heidelberg, Germany, 2021; pp. 881–889.

https://doi.org/10.3390/polym11101667
http://doi.org/10.3390/polym11081364
http://www.ncbi.nlm.nih.gov/pubmed/31430860
http://doi.org/10.1002/pen.25120
http://doi.org/10.1016/j.compstruct.2021.114392
http://doi.org/10.1016/j.compscitech.2006.03.031
http://doi.org/10.1016/j.compositesa.2014.04.016
http://doi.org/10.1016/j.compositesb.2015.10.046
http://doi.org/10.1016/j.ijmecsci.2016.08.023
http://doi.org/10.3390/cryst11030311
http://doi.org/10.1016/j.ijmecsci.2021.106697
https://doi.org/10.3390/polym13081251
http://doi.org/10.3390/ijms20236068
http://www.ncbi.nlm.nih.gov/pubmed/31810176
http://doi.org/10.1080/03602550801898321
http://doi.org/10.1016/j.compositesb.2021.108786
http://doi.org/10.1016/j.compositesb.2021.109113
http://doi.org/10.3390/polym11020360
http://doi.org/10.3390/polym12040889
http://doi.org/10.1088/1757-899X/330/1/012102
http://doi.org/10.1002/pen.20017
http://doi.org/10.1016/j.polymer.2012.04.054
http://doi.org/10.1016/j.istruc.2021.07.046

	Introduction 
	Materials and Methods 
	Material 
	Microcellular-Foaming-Applied Injection Molding Process 
	Test Specimens 
	Acoustic and Vibration Characteristics 
	Mechanical Properties 
	Cell Morphology 

	Results and Discussion 
	Vibration Response of Plate Specimen 
	Sound Response of Plate Specimen 
	Natural Frequencies and Mode Shapes of Plate Specimen 
	Natural Frequencies and Mode Shapes of Roof-Rack Specimen 
	Mechanical Properties 
	Cell Morphology 

	Conclusions 
	References

