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Abstract: The automotive and aerospace industries increasingly use lightweight materials to improve
performance while reducing fuel consumption. Lightweight materials are frequently used in electric
vehicles (EVs). However, using these materials can increase airborne and structure-borne noise.
Furthermore, EV noise occurs at high frequencies, and conventional materials have small damping.
Thus, there is an increasing need for procedures that help design new materials and coatings to reduce
the transferred and radiated noise at desired frequencies. This study pioneered new techniques
for microstructure modeling of coated and uncoated materials with improved noise, vibration,
and harshness (NVH) performance. This work uses the microstructure of materials to study their
vibration-damping capacity. Images from an environmental scanning electron microscope (ESEM)
show the microstructure of a sample polymer and its coating. Tensile tests and experimental modal
analysis were used to obtain the material properties of the polymer for microstructure modeling. The
current work investigates how different microstructure parameters, such as fiberglass volume fraction
and orientation, can change the vibration performance of materials. The damping ratio in the study
was found to be affected by changes in both the direction and volume ratio of fiberglass. Furthermore,
the effects of the coating are investigated in this work. Through modal analysis, it was observed that
increasing the thickness of aluminum and aluminum bronze coatings caused a rightward shift in
resonance frequency. Coatings with a thickness of 2 mm were found to perform better than those with
lower thicknesses. Furthermore, the aluminum coating resulted in a greater shift in frequency than
the aluminum bronze coating. Additionally, the coating with a higher damping ratio (i.e., aluminum
bronze) significantly reduced the amplitude of surface velocity due to excitation, particularly at
higher frequencies. This study provides engineers with an understanding of the effects of layer
coating on the NVH performance of components and a modeling approach that can be used to design
vehicles with enhanced noise and vibration performance.

Keywords: vibration; damping; NVH; lightweight; electric vehicles; finite element analysis

1. Introduction

Recently, lightweight materials such as aluminum, plastic, carbon fiber, and composites
have been increasingly used in the automotive body structure and aerospace industries to
reduce fuel consumption while maintaining or improving safety and performance. The re-
cent advances in battery technology, novel materials, and infrastructure are key trends that
can significantly increase the adoption of battery electric vehicles (BEVs). Lightweighting
can help reduce the cost of electric vehicles (EVs) and result in a significant cost reduction
for the consumer [1]. Additionally, lightweight EVs require less energy to accelerate and
maintain speed, which can help to alleviate range anxiety [2]. Automotive engineers have
the challenge of reducing vehicle weight to meet new vehicle emission standards [34].
Lighter vehicles with better performance and fuel efficiencies are especially vulnerable to
higher in-cabin structure and airborne noise levels. Because the body panels radiate most
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structural vibrations in cars [5], particular care must be paid to modeling these lightweight
structures. Furthermore, the recent increase in EVs production has highlighted the need
to minimize noise generated by the propulsion system in these vehicles [4]. EVs are quiet;
thus, with the lack of an engine to mask noise from other components, the sound from
the electric motor and other noise sources becomes more prominent [6]. The prolonged
high-frequency sounds from electric motors and other EV components can be unpleasant
for passengers. Thus, there is an increasing need for designing materials and coatings that
can reduce the transferred and radiated noise. Recent developments in electric vehicles
have highlighted the need for materials with improved noise, vibration, and harshness
(NVH) and high electromagnetic shielding interference (EMI) [7].

Structural vibration can cause structure-born noise and is very critical for noise re-
duction. Recently, researchers have tried to focus on providing structural vibration for
electric vehicles [4,8-10]. Yang et al. [11] reviewed the vibration of structures using different
tuned mass damper models. Materials with improved noise and vibration performance
are a significant area of interest in NVH [12-14]. The dynamic behavior of different NVH
applications was modeled using nonlinear dynamical systems (SINDy) [15]. Researchers
have investigated different materials to reduce interior noise in cars. Aluminum became the
preferred material for sound silencer coatings due to its low weight, which is three times
less than steel [16]. To minimize the interior and exterior noise of the engine, asbestos and
slag wool were effective in absorbing the noise because they are porous materials [17]. The
vibration of functionally graded porous structures was investigated to study the effect of
porosity distribution patterns on their vibrational properties [18-21]. Previous research has
studied the free vibration of sandwich panels with functionally graded material (FGM) [22].
A new approach was proposed that reduces the order of the governing differential equa-
tions of Euler-Bernoulli for the buckling and vibration analysis of FGM and it achieved high
accuracy [23]. Liao et al. [24] used composite materials, including polyester-polypropylene
and butyl rubber, to decrease the noise in the hybrid electric vehicle. The damage detection
and structural health monitoring of composite materials were performed using digital
image correlation (DIC) and acoustic emission (AE) [25].

Some researchers have used experimental techniques for the microstructure character-
ization of materials [26-28]. Structural vibrations are usually measured using accelerome-
ters, but recently non-contact techniques have received more attention [29-32]. Burdess
et al. [33] used a laser Doppler vibrometer to develop an algorithm for characterizing
the microstructure properties of materials. Xiong et al. [34] proposed a non-contact laser
excitation for the modal analysis of microstructures. In that work, the dynamic response of
micro-electro-mechanical systems (MEMS) was used for extracting the modal parameters
of microstructures. In a publication by Zhou et al. [35], an acoustic-excitation optical coher-
ence vibrometer (AE-OCV) was developed to measure the vibration of microstructures [35].
These experimental studies need to be integrated with numerical modeling approaches to
develop a framework for developing new materials with superior vibration properties.

Microstructure modeling has been extensively used in material science for designing
materials with superior static and fatigue behavior [36—40]. Herriott et al. [41] developed
a multi-scale framework for predicting material properties in additive-manufactured mate-
rials. Microstructure modeling has also been used for creep prediction in composites [42].
The microstructure of materials can affect their vibrational properties [43]. Hence, there
has been an increasing interest in the microstructures of materials in recent years and their
effect on their mechanical properties. Amirian et al. [44] studied the effect of microstructure
changes in metals on vibrational properties using modal tests and finite element analy-
ses. They found that the changing microstructures could significantly affect the damping
loss factor. Damir et al. [45] used modal analysis to characterize the fatigue behavior in
austempered ductile iron (ADI). They showed that the damping ratio changed with the iron
hardness and fatigue life. Several approaches, such as representative volume element (RVE),
were used to model the fibers in the microstructure. Our study is innovative and straight-
forward as it includes the fibers and their direction in the microstructure. This approach
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provides more flexibility and allows the exploration of the structure’s microstructural
research for any mechanical analysis, such as dynamic and vibration analysis. Additionally,
another innovation of our study is to consider the microstructure for the NVH analysis
of full-size structures. Despite the extensive work on using microstructure modeling for
static studies, the number of studies that evaluate microstructure modeling to study the
vibration properties of structures is limited. Most researchers only consider macro-level
modeling [46—49] in vibration analysis.

The current work proposes a novel experimental and numerical scheme to optimize
the NVH behavior of coated automotive components. This work tries to use DREAM.3D
models, which are conventionally used for quasi-static analysis, for dynamic and noise
analysis. The proposed approach of using DREAM.3D models to perform dynamic analysis,
obtain vibration and acoustic response, and investigate the effects of damping is innovative
and has not been explored before. The project results can be used to design and optimize
the vibration performance of materials. The work integrates state-of-the-art testing and
simulation techniques to analyze the performance of coated components. This study’s
proposed methodology and results can help engineers design vehicle structures with
improved NVH performance.

The present work studies the microstructure model of PEEK with different volume
fractions and fiber orientations. Section 2 discussed the materials and methods that were
used in the paper. The section describes how the models were created in Dream3D and
how material properties for each component were obtained. Section 3 shows the results
of the analysis. This section shows the SEM images of the materials and the results
of the finite element analysis of the models. The section also shows how the vibration
response can be used to evaluate the acoustic performance of the materials. A finite element
model of the PEEK microstructure is presented, and the effect of fiber volume fraction and
direction on the NVH behavior is investigated. Then, the effect of adding aluminum and
aluminum bronze coatings on the NVH behavior of actual structures with a base of PEEK
material is studied.

2. Materials and Methods

This study proposes a methodology that can use finite element (FE) analysis and
the microstructure of materials to optimize the performance of lightweight structures.
Multi-scale modeling approaches have been utilized in this work. A schematic of the
optimization process is shown in Figure 1. The volume ratio and the direction of fibers
in the microstructure model are the optimization variables, and the effective damping
ratio and the natural frequency are the goals of the optimization process. The fibers were
distributed randomly in the polymer with different volume ratios from 0% to 50%. As can
be seen, the process starts with microstructure modeling. In the first step of the modeling,
the microstructure parameters are adjusted to obtain and evaluate how different parameters,
such as the volume fraction in microstructures, can change the material properties. As
illustrated in Figure 1, two microstructure models are used to obtain the material properties
for the coating and substrate separately. The microstructures can have different micro-
textures. FE models of these microstructures are used to evaluate the static and dynamic
performance of the micromodel. A static model obtains density (p) and elasticity (E).
A dynamic simulation (i.e., complex eigensolution or direct steady-state analysis) can
obtain damping properties (e.g., (). The microstructure is excited, its response is measured,
and the damping ratio is extracted from the fast Fourier transform (FFT). The parameters
from the microstructure model are imparted to the macro model for vibration analysis.
This process can be an optimization process to identify a structure with desired vibration
properties. After extracting the mechanical properties of the microstructure from the tensile
and dynamic simulations, the comparable properties were applied to the full-scale model.
Then, a complex eigensolution was performed on the model using Abaqus, and modal
properties such as resonance frequency and mode shapes were obtained for different
fiberglass volume fractions and coatings.
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Figure 1. A schematic of the optimization process.

2.1. Microstructure Model

In the manufacturing process of fiber-reinforced polymers, the volume fraction and
orientation can be used to adjust the material properties of the polymer. Several models of
microstructures for PEEK were created using DREAM.3D [50], as shown in Figure 2. DREAM
3D generated fiberglass polymers with different volume fractions and orientations of fibers.
In the first step, a microstructure model of the polymer was reinforced with 5 pm-diameter
glass fiber. The fibers were distributed randomly in the polymer. By contrast, in the last
two cases of Figure 2, the orientation of fibers was used horizontally and vertically to study
how different directions can change the material properties and damping of the polymer.

0% Fiber 10% Fiber 30% Fiber

50% Fiber 50%-X Fiber 50%-Z Fiber

Figure 2. Different microstructure models created using DREAM 3D.

2.2. Elasticity and Hyperelastisity Obtained Using Tensile Test and EMA Data

An ASTM standard D638M-10 [51] tensile test was used to obtain the elastic properties
of the polymer. As shown in Figure 3, the elasticity of the sample was calculated by finding
the slope of stress—strain data in the linear region (i.e., 3833 Mpa). Because most vibrations
occur in low amplitudes, the linear part of the curve can effectively model the elastic
properties of the polymer.
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Figure 3. (a) The tensile test setup and (b) calculating the elasticity of samples from the stress—strain
curve data.

2.3. Material Calibration for FEA Process

Polymers are frequently used in vehicles. In this study, PEEK, widely used in the
auto industry [52], was selected to investigate the effect of microstructure and coating on
vibrational properties. This section describes how elastic properties and damping for PEEK
were obtained using tensile tests and experimental modal analysis (EMA). A flowchart
of the material calibration is shown in Figure 4. The tensile tests were used to obtain the
elastic properties. The EMA was used to validate the elastic properties and to estimate the
damping values. The process is explained in detail below.

Experimental Modal E=3833 MPa (from the axial test)
Analysis | FE Dogbone Model |<— Density=1.3 g/cm?
Poisson’s Ratio=0.4
I 1Eigensolution
Compare and
EMA EMA Mode update
Damping Shapes <_P| FE Mode Shapes |
Ratio

‘Using Eq. 1 & Eq. 2

Calculate corresponding
storage and loss stiffness
for different frequencies | Viscoelastic

properties

Resonant Frequencies, mode
shapes, and damping values

Figure 4. Flowchart showing how modal analysis and tensile tests were used to obtain and calibrate
the elastic and damping properties of the polymer.

2.4. Validating FEA Model for PEEK Using Experimental Modal Analysis

An experimental modal analysis (EMA) was performed on the structure to validate
the FE model. An impact hammer modal test was performed on dog bone specimens
made of PEEK. The roving impact hammer method was implemented on all test samples
with the accelerometer at a fixed location. To minimize mass-loading effects, a tear-drop
accelerometer, which has a tiny mass, was used to capture the response. Two layers of
bubble wrap were used as the base to replicate the free—free condition of the dog bone
specimen, as shown in Figure 5. A total of 10 points were marked on the dog bones.



Energies 2023, 16, 3880

60of 17

Impact Hammer

Accelerometer

Dog Bone

Figure 5. Dog bone in free-free condition.

2.5. Extracting the Viscoelastic Properties of Samples Using EMA

The EMA results provided damping values for each mode of the dog bone specimen.
The damping ratio was obtained using the frequency response function (FRF) from the
experimental modal analysis. A curve-fitting process was performed, and damping was
calculated from the FRF for each resonant frequency. This damping value can be imparted
in the FEA model to ensure the damping is appropriately considered.

In modal analysis, the damping is represented using EMA’s damping ratio (¢). The
viscoelastic properties of PEEK were calculated using the elastic properties and damping ratio.

E' = E'cos() 1)

E” = E'sin(() 2)

Equations (1) and (2) represent the storage, E’, and loss moduli, E”, respectively, and
E* is the elastic modulus. In this study, we assumed that the storage and loss moduli are
constant at different frequencies for data simulation. Table 1 shows the calibrated material
properties of the PEEK applied to the FEA model.

Table 1. Material properties of PEEK used for simulation.

E* (MPa) 3832.3
(-Damping Ratio 0.0185
E'(MPa) 3831.61
E" (MPa) 71.3
v 04
p(Kg/m3) 1300

3. Results and Discussion
3.1. Scanning Electron Microscopy

A Philips FE1 Quanta 200 environmental scanning electron microscope (ESEM) was
used to image polyetheretherketone’s microstructure (PEEK) and PEEK with an aluminum
coating. As shown in Figure 6a, the ESEM secondary micrograph of the PEEK sample
shows dark reflective regions. The ESEM image shows a dense homogenous microstructure
with no significant damage for PEEK with a relatively uniform surface. The homogenous
microstructure of the PEEK allows us to create a homogenous finite element model. Ad-
ditionally, Figure 6b illustrates the backscattered image of the PEEK with an aluminum
coating. Figure 6a has a higher magnification (3660 <) than Figure 6b (272 x). Additionally,
the aluminum coating covers the entire surface and has a less homogenous microstructure
than the substrate. The manufacturing process was performed to have fewer defects, such
as pores and gaps. The aluminum coating was deposited on the PEEK material to improve
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the adhesion of the interface. All glass fiber-reinforced PPA, PPS, and PEEK were provided
by Solvay Specialty Polymers. They were molded using an injection molding process.
A thermal spray process applied zinc or aluminum or aluminum-bronze coatings. The size
of the matrix in the microstructure was obtained using ESEM images.

(a) (b)

Figure 6. ESEM images of (a) PEEK surface and (b) PEEK with aluminum coating.

3.2. EMA Analysis for PEEK Dogbone

The EMA’s resonant frequencies and mode shapes validated the finite element model.
The finite element model was created using solid elements in Abaqus. An eigensolution
was performed on the model to obtain the model’s resonant frequencies and mode shapes.
The mode shapes can be extracted using the dog bone’s reference degree of freedom (DOFs)
modes. We show the reference points and the mode shapes in Figure 7. The figure shows
a comparison between the FE and EMA mode shapes. As can be seen, there is a strong
correlation between the EMA and FEA results. This can validate that the density and
elasticity of the PEEK used in the FEA model represent the actual properties of the material.

213 Hz

205 Hz

1256 Hz 1Otz

637 Hz

4
620 Hz 4

N - 2116 Hz

2110 Hz ’

901 Hz /

Figure 7. A comparison between resonant frequencies and mode shapes of the PEEK dog bone
specimens using experimental modal analysis and the finite element method.
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3.3. Finite Element Modeling of Microstructure

This section describes how a microstructure was developed and used to study the
damping of the PEEK fiberglass composite.

3.3.1. FEA of the Microstructure Models

In this section, the FE model of the microstructures was created in Abaqus. Eight-node
linear brick elements (C3D8) [53] with an element size of 1 um were used for the models.
This element size allows five elements along the diameter of the glass fibers. The material
properties obtained for PEEK using EMA and tensile tests were applied to the model.
For the fiberglass, nominal values were used. The finite element simulation can compare
different models, as shown in Figure 8.

Dream 3D Model of the Dream 3D Model of the
Polymer with 10% Fiber Polymer with 50% Fiber

Import to Abaqus Import to Abaqus
Complex Eigensolution Complex Eigensolution
Resonant Freq., mode “ Resonant Freq., mode

shapes, and damping shapes, and damping

Figure 8. Flowchart of FEM of the microstructure using Abaqus.

The microstructure model was used to obtain the material properties of the composite
for the actual structure. It should be noted that the macro model of an existing structure
could not be directly developed using the microstructure with different volume fractions
because it has high computational costs. Thus, the material properties for the macro model
were obtained from the micromodel simulation. A complex eigensolution was performed
on the model to obtain the microstructure’s mode shapes and resonant frequencies. The
complex eigensolution provides resonant frequencies, mode shapes, and damping values
for the composite model (see Figure 9). The damping values were used in the macro model.
These dynamic properties could also be obtained using direct frequency analysis. This
type of analysis would allow for frequency-dependent material properties but would have
higher computational costs.
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Mode 1: 1009 Hz

Mode 3: 1009 Hz Mode 4: 2130 Hz

Mode 5: 2183.9 Hz

Mode 6: 2199.4 Hz Mode 7: 2334.7 Hz Mode 8: 2365.4 Hz
Figure 9. Eight mode shapes of the PEEK microstructure model with 30% fiberglass and their
frequencies using Abaqus.

3.3.2. Effect of the Microstructure Fiberglass Volume and Orientation on NVH Performance
of Materials

A list of resonant frequencies and damping values obtained using the microstructure
model for the fiber-reinforced PEEK is shown in Table 2. As can be seen, increasing the
fiber volume fractions in PEEK could decrease the damping ratio, while for a specific fiber
volume ratio, for example, PEEK with 50% fiberglass, in different orientations (X and Z),
the PEEK with 50% fiberglass volume ratio in the Z direction has the higher damping ratio.
The damping ratio of PEEK with a 50% fiberglass volume fraction in a random direction
has a lower value compared to fibers in the X and Z directions. We assumed in this study
that friction between the fibers and the polymer is negligible. It can be observed that the
damping ratio of PEEK is affected by the fiber volume of the PEEK and fiber direction.
With increasing fiber volume fraction, the interaction among fibers also increases, and the
damping ratio (friction) of PEEK is increased. The effects of contact and friction between
the fibers and polymer can be studied to see how this contact can affect the noise behavior
of the composite.

Table 2. The frequency and damping ratios of PEEK with fiberglass at different fiber volumes.

0% Fiber 10% Fiber 20% Fiber 30% Fiber 50% Fiber 50 Fiber-X 50% Fiber-Z

Freq Damp. Fre Damp. Fre Damp. Freq Damp. Freq Damp. Freq Damp. Freq Damp.
(Hz)  Ratio ((H3 Ratio ((Hg) Ratio (Hz) Ratio (Hz) Ratio (Hz) Ratio (Hz) Ratio
1 569 0.36% 577 0.30% 585 0.27% 597 0.24% 613 0.19% 697  0.27% 620 0.29%
2 922 0.46% 958 0.50% 1007  0.48% 1071  043% 1168 0.31% 1422 039% 1188  0.46%
3 1318  0.98% 1442  0.65% 1532 0.46% 1613 0.35% 1706 0.23% 1975 029% 1733  0.34%
4 1810 1.38% 2059 0.98% 2258  0.70% 2438 0.52% 2651 0.32% 3121 0.33% 2818 0.39%
5 2097 1.29% 2412 094% 2675 0.67% 2918 049% 3201 0.29% 3814 0.34% 3273  0.43%
6 2570  0.60% 2721  0.57% 2893 051% 3101 045% 3413 031% 4164 039% 3470 0.47%
7 3355 1.04% 3766 0.88% 4162 0.69% 4570 0.53% 5090 0.33% 6183 0.37% 5230 0.48%
8 4328  1.69% 5203 1.24% 5900 0.57% 6380 0.48% 7082 033% 8670 0.40% 7202 0.48%
9 5050 0.83% 5477 0.68% 5972 0.89% 6708 0.64% 7546 0.32% 9154 038% 7765 0.46%
10 5277  0.96% 5805 0.76% 6300 0.61% 6829 049% 7636 0.38% 9197 037% 8013  0.48%
11 5569  1.83% 6847 141% 8056 0.53% 8618 0.46% 9432 0.32% 11,530 0.39% 9594 0.48%
12 7142 0.70% 7582  0.61% 8067 1.05% 9329 0.78% 10,572 0.31% 12,725 0.37% 10,907 0.44%
13 7257  120% 8166 0.85% 8906  0.62% 9631  0.48% 11,048 047% 13,887 0.44% 11,502 0.60%
14 7440 152% 8780 1.17% 9941 0.64% 10,848 0.52% 12,140 0.34% 14,926 0.40% 12,349 0.50%
15 8197  1.03% 9102 0.80% 10,034 091% 11,349 0.70% 13,196 0.44% 16,473 0.44% 13,879 0.55%
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3.4. Investigating the Effects of Damping in a Sample Automotive Component

A model for a sample automotive component was developed to investigate how the
micro-modeling of materials can be used to design automotive components with improved
NVH behavior.

3.4.1. Using the Micro Model to Obtain Properties for Real Structure

The properties for the full-scale model were obtained from the micro model. The
microstructures created in Section 2 were used for this study. A tensile test was performed
on each microstructure to obtain the elastic properties of the compound. The microstructure
model was clamped, and a tensile force was applied to the right face of the microstructure
model using a multipoint constraint in Abaqus. The flowchart in Figure 10 illustrates
extracting the elastic properties from the macro model. The damping properties for each
case shown in Table 2 were used in the micro model.

N/

Dream 3D Model of the
Polymer with X% Fiber

| Replicated Uniaxial Testing |

| Static Test |

v

| Elastic Modulus |

Figure 10. Flow chart of obtaining the properties of the macro model in Abaqus.

3.4.2. Coating and Damping in the Full-Scale Structure

After extracting the elastic modulus, density, damping, and Poisson’s ratio of the
microstructure from the tensile and dynamic simulations, the comparable properties were
applied to the full-scale model (see Figure 10). Then, a complex eigensolution was per-
formed on the model using Abaqus, and modal properties such as resonance frequency and
mode shapes were obtained for different fiberglass volume fractions and coatings. Figure 11
shows the extraction and modeling of full-scale structures with fiberglass microstructures.

Elastic modulus, damping
ratio, density, and Poisson's
ratio from static analysis
microstructure

v

Frequency Analysis

v

Resonance frequency, mode
shapes

Figure 11. Modal analysis of the sample automotive structure using Abaqus.
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3.4.3. Effects of Volume Fraction and Orientation of Fiberglass

Resonant frequencies and mode shapes of a full-scale structure with fiberglass mi-
crostructures were obtained using modal analysis in Abaqus (see Figure 12). Different
fiberglass volumes fractions such as 0%, 10%, and 50% were considered for the microstruc-
ture of the model. It can be seen from Table 3 that the resonance frequency of the structure
is increased with fiberglass volume fractions, and the model with 50% fiberglass in the
X-direction has the highest resonance frequency. The frequency of 50% fiber volume in the
X direction increased by 115% compared with 0% fiber. The frequency of 50% fiber volume
in the X direction is greater than the 10% and 50% fibers.

Mode 1: 202.45 Hz Mode 2: 406.03 Hz Mode 3: 425.34 Hz

Mode 4: 623.32 Hz Mode 5: 725.03 Hz Mode 6: 763.32 Hz

Figure 12. The first six mode shapes of the sample automotive component.

Table 3. Comparison of different modes of fiberglass.

Frequency (Hz)
Mode/Microstructure 0% Fiber 10% Fiber 50% Fiber 50 A) F1b'er
(X-Direction)
Mode 1 100.93 124.64 202.45 267.74
Mode 2 202.14 249.7 406.03 536.99
Mode 3 210.94 260.8 425.34 562.52
Mode 4 309.85 382.87 623.32 824.36
Mode 5 360.02 445.04 725.03 958.88
Mode 6 378.14 467.57 763.32 1009.5

3.4.4. Adding a Coating Layer

To avoid the airborne noise level and reduce the weight of the structure for fuel
consumption, different coating materials are added to lightweight materials. In this section,
we investigated the effects of different coatings on the vibrational properties of the full-scale
model. When a coating is applied to a material, it can alter the way the material responds
to external vibrations, such as those induced by an impact or a mechanical force. This is
due to the changes in the stiffness, damping, and mass properties of the coated material,
as well as the interface between the coating and the substrate. These changes can result in
modifications to the natural frequencies and modes of vibration of the coated material. The
coating can shift the frequency response of the structure and can impact the amplitude of
the response. Different coatings made of aluminum and aluminum bronze were sprayed
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Aluminum coating

Peek with 0% Fiber z

on the model’s base made of PEEK with 0% and 50% fiberglass volume fractions. Figure 13
shows aluminum and aluminum bronze coatings on the structure.

AL-Bronze coating

Peek with 0% Fiber

(a) Aluminum coating (b) Aluminum bronze coating

Figure 13. Different coatings on the structure: (a) aluminum (b) aluminum bronze.

To start the modal analysis using Abaqus, the material properties of aluminum and
aluminum bronze were considered for the study (see Table 4). The material properties
provided by the manufacturer were used in this analysis.

Table 4. The material properties of aluminum and aluminum bronze.

Young’s

. . 3 g . . . P .

Material Density (g/cm?) Modulus (MPa) Damping Ratio  Poisson’s Ratio
Aluminum 2.69 71,000 5x 1073 0.33

Aluminum Bronze 7.89 105,000 5x 1072 0.31

The modal analysis of the structure was simulated using the impact hammer test, and
the location of the impact load is illustrated in Figure 14. Fifty-six points marked by red
points were considered for the simulation results at measurement points. The 56 points
are considered to show the place of measurement of acceleration. The sum of FRFs for all
points is calculated for comparing the responses. As shown in Figure 14, one face of the
model is fixed, and the other side is free for the simulation of the impact hammer test. We
used fixed boundary conditions to replicate the conditions that the specimen experience
during operations. The z-direction (dB) velocities of two PEEK base materials with 0%
and 50% fiberglass volume fractions and different coating thicknesses were analyzed and
compared, as shown in Figure 15. In an acoustic analysis for NVH, the velocity response
is usually applied to the surface of the structure. Figure 15 compares the velocity in the
z-direction for PEEK (0% and 50% fiberglass). As shown in Figure 15, The PEEK base
part with a 2 mm aluminum coating can shift the frequencies to the right because of the
added coating stiffness. Additionally, the magnitude of velocity is decreased with the
increase in aluminum coating thickness. Aluminum has a higher stiffness and density
compared to PEEK, which can increase the overall stiffness and mass of the coated material.
This can lead to a shift in the natural frequencies of the system towards higher values.
Additionally, the damping properties of the aluminum coating can also affect the vibration
behavior of the PEEK. A higher damping ratio can reduce the amplitude of the vibration
response at a given frequency, which can be detected in the velocity response analysis as
a change in the peak amplitude or shape of the frequency spectrum. Furthermore, the 0%
fiberglass shows higher damping. The peaks in Figure 15 show the resonance when the
system vibrates at its natural frequency, and the velocity response peaks at this frequency.
If the resonant frequency changes due to a change in the system’s physical properties or
boundary conditions, the velocity response peak will shift to a different frequency.
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Velocity in z direction(dB)

Simulation Collected Results
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Location

Applied Impact Force using Impact Hammer
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Figure 14. FE model and boundary conditions in Abaqus.
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Figure 15. The sum of frequency response functions showing the velocity in the z-direction versus
frequency for different PEEK and aluminum coating thicknesses obtained using a simulation.

Comparing the result of Figure 15 with previous research [54] can provide a valuable
point of reference. If the results are consistent with those from previous studies, it can be
concluded that the analysis is accurate.

In addition, the velocity in the z-direction (dB) (see Figure 14 for the coordinates of the
model) was analyzed and compared for different aluminum bronze coating thicknesses,
namely 0.1 mm, 1 mm, and 2 mm, and two PEEK base materials with 0% and 50% fiberglass,
as shown in Figure 16. As can be seen in Figure 16, The PEEK base part with a 2 mm
aluminum bronze coating can shift the frequencies to the right. Additionally, it can be
observed that the higher aluminum bronze coating significantly reduces the velocity in
higher frequencies. Adding an aluminum bronze coating to PEEK can also shift the velocity
of the surface of the material. The addition of an aluminum bronze coating to PEEK can
alter the natural frequencies and modes of vibration of the composite material. Similar to
aluminum, aluminum bronze is a relatively stiff material compared to PEEK. The stiffness
of the coating can increase the overall stiffness of the composite material, which can lead to
a shift in the natural frequencies of the system towards higher values. Additionally, the

damping properties of the aluminum bronze coating can also affect the vibration behavior
of the PEEK.
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Figure 16. The sum of frequency response functions showing the velocity in the z-direction versus the
frequency for a different PEEK with aluminum bronze coating was obtained using an FE simulation.

The aluminum coating can shift the frequency more than the aluminum bronze coating
when comparing aluminum and aluminum bronze coatings. This occurs because aluminum
has a higher stiffness-to-mass ratio. On the other hand, the higher damping ratio for
aluminum bronze can effectively dampen the response, especially at higher frequencies.

4. Conclusions

In this study, we applied EMA and FEA to a sample polymer with different fiberglass
volume fractions and analyzed the microstructure model in Abaqus. The work provided
a framework for improving the damping properties of structures using a multi-scale
simulation. The effects of different fiberglass volume ratios and their directions were
studied using an FEM. Additionally, the effect of coating and microstructure in modal
analysis were analyzed using FE models. The numerical and experimental modal analysis
indicated that the fiberglass volume ratios and their direction could affect the damping
coefficient of the structure and its vibrational properties. In other words, a high fiberglass
volume increases the natural frequency of PEEK samples. In this study, the fiberglass
volume ratio and direction change could change the damping ratio. Modal analysis results
show that the resonance frequency was shifted to the right by increasing the thickness
of the aluminum and aluminum bronze coatings. The 2 mm aluminum and aluminum
bronze coatings could perform better than low-thickness coatings. The aluminum coating
could shift the frequency more than the aluminum bronze coating. Additionally, it was
seen that coating with a higher damping ratio (i.e., aluminum bronze) could significantly
decrease the amplitude of surface velocity due to excitation, especially at higher frequencies.
This is critical for electric vehicles because, in many cases, the noise occurs at higher
frequency ranges.
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